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Abstract: Efficient terahertz generation and detection are a
key prerequisite for high performance terahertz systems.
Major advancements in realizing efficient terahertz emitters
and detectors were enabled through photonics-driven semi-
conductor devices, thanks to the extremely wide bandwidth
available at optical frequencies. Through the efficient gener-
ation andultrafast transport of charge carrierswithin aphoto-
absorbing semiconductor material, terahertz frequency
components are created from the mixing products of the op-
tical frequency components that drive the terahertz device– a
process usually referred to as photomixing. The created ter-
ahertz frequency components, which are in the physical form
of oscillating carrier concentrations, can feed a terahertz an-
tenna and get radiated in case of a terahertz emitter, or mix
withan incoming terahertzwave todown-convert toDCor toa
low frequency photocurrent in case of a terahertz detector.
Realizing terahertz photoconductors typically relies on short-

carrier-lifetime semiconductors as the photo-absorbing ma-
terial, where photocarriers are quickly trapped within one
picosecondor less after generation, leading toultrafast carrier
dynamics that facilitates high-frequency device operation.
However, while enabling broadband operation, a sub-
picosecond lifetime of the photocarriers results in a sub-
stantial lossofphotoconductivegainandoptical responsivity.
In addition, growth of short-carrier-lifetime semiconductors
in many cases relies on the use of rare elements and non-
standardprocesseswith limited accessibility. Therefore, there
is a strong motivation to explore and develop alternative
techniques for realizing terahertz photomixers that do not
rely on these defect-introduced short-carrier-lifetime semi-
conductors. This review will provide an overview of several
promising approaches to realize terahertz emitters and de-
tectors without short-carrier-lifetime semiconductors. These
novel approaches utilize p-i-n diode junctions, plasmonic
nanostructures, ultrafast spintronics, and low-dimensional
materials to offer ultrafast carrier response. These innovative
directions have great potentials for extending the applica-
bility and accessibility of the terahertz spectrum for a wide
range of applications.

Keywords: terahertz detectors; terahertz emitters; ultrafast
carrier dynamics.

1 Introduction

The terahertz frequency range is loosely defined as the part
of the electromagnetic spectrum between 100 GHz and
10 THz, which is above microwave and below infrared
frequencies. Due to the presence of rotational resonances
and collective librations of various polar molecules, the
terahertz frequency range is widely explored for a plethora
of applications including chemical sensing and material
characterization, where highly frequency-selective ab-
sorption signatures provide ample information about the
identity and physical characteristics of the sample under
test [1–4]. In addition, terahertz waves can transmit
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through many optically opaque materials such as paper,
plastics, textiles, as well as weakly doped semiconductors
[5–9]. Therefore, terahertz radiation is well-suited for im-
aging and sensing applications in many optically inac-
cessible environments [10–13]. With photon energies
below 40 meV, terahertz waves are non-ionizing and,
hence, suited for many biomedical imaging, diagnosis and
nondestructive quality inspection [14–22].

Generation and detection of terahertz radiation have
been extensively realized through ultrafast photo-
conductors, which translate the mixing products of the fre-
quency components of an optical pump beam to a terahertz
photocurrent (Figure 1). A common implementation – the
so-called photoconductive antenna–uses a semiconductor-
based photoconductor integrated with a metallic terahertz
antenna. When photons with an energy above the semi-
conductor’s band gap are absorbed by the semiconductor,
mobile electron–hole pairs are generated. The concentra-
tion of these photocarriers oscillates at the beat terahertz
frequencies that are generated from the mixing of the inci-
dent optical frequency components. These photocarriers are
accelerated under an electric field and form a photocurrent.
This electric field can be supplied through an external bias
voltage or a built-in field in the semiconductor. The electric
field should be strong enough to drift the photocarriers at
high velocities in order to attain a large photocurrent
amplitude, which directly translates into strong terahertz
radiation that is emitted by the antenna. The scheme can
also be reversed to detect terahertz radiation: the antenna
attached to a photoconductor receives the terahertz electric
field that accelerates the pump-induced photocarriers. The
resulting photocurrent is proportional to the convolution of
the terahertz field and the laser-induced photoconductivity.
Photoconductive terahertz emitters and detectors are uti-
lized in pulsed or continuous-wave (CW) operation. For
pulsed operation, a femtosecond laser is typically used as

the optical pump source to generate and detect sub-
picosecond terahertz pulses with a spectral width of
several THz. For CWoperation, two CW lasers with the same
polarization and a terahertz frequency difference are
superimposed to create an optical pumpbeamwith a single-
frequency beatnote that is used for the generation and
detection of CW terahertz radiation.

Ultrafast dynamics of the photocarriers, with sub-
picosecond to picosecond response times, are necessary to
facilitate the broadband operation of terahertz photo-
conductors. A common approach to fulfill this requirement
is to use short-carrier-lifetime semiconductors. Low-
temperature-grown GaAs (LT-GaAs) was the first, and is
still one of the most commonly used short-carrier-lifetime
semiconductors for terahertz generation and detection
when working with an ∼800 nm optical pump wavelength
[23–26]. Growing GaAs at a low temperature (200–350 °C)
and subsequent in-situ annealing at higher temperatures
[24–26] induces crystal defects due to excess arsenic, which
captures the photocarriers within less than one picosecond.
Following the same concept of defect introduction, a di-
versity of methods for growing short-carrier-lifetime photo-
absorbing semiconductors at various optical excitation
wavelengths have been introduced [27–34]. In particular,
short-carrier-lifetime semiconductors with high photo-
absorption at telecommunication wavelengths (∼1550 nm)
are of strong interest. This is because the combination of
terahertz photoconductors with small-footprint together
with highly reliable fiber lasers and fiber-optic components
results in low-cost and compact terahertz systems. In order
to create recombination centers within the semiconductor
lattice, some of the techniques used for introducing defects
in photo-absorbing semiconductors at ∼1550 nm wave-
length include incorporating rare-earth elements [35–37],
transition metal doping [38–40] and low-temperature-
grown InGaAs/InAlAs multilayer heterostructures [41–43].

Figure 1: Terahertz generation and detection in photomixers and photoconductors.
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Whilemany impressive results havebeendemonstrated
using short-carrier-lifetime photoconductors, their ultrafast
carrier dynamics comes with several tradeoffs in photo-
conductive gain, optical responsivity, carrier mobility, and
thermal conductivity. In particular, due to the sub-
picosecond lifetime of the photocarriers, a substantial
fraction of them is trapped and then recombined before
contributing to the generation and detection of terahertz
radiation, degrading the efficiency (i.e. the gain) of terahertz
photoconductors. Also, while some growth methods for
short-carrier-lifetime semiconductors like LT-GaAs are well-
established processes performed by many groups, most
growth methods for short-carrier-lifetime semiconductors
utilize non-standard processes and, in some cases rare
dopant elements, that are not readily available in most
molecular beam epitaxy (MBE) and metal organic chemical
vapor deposition (MOCVD) facilities, limiting their accessi-
bility and widespread usage. In addition, these methods
have to be adapted for each specific semiconductor, limiting
the materials and optical wavelengths that can be used for
realizing terahertz photoconductors. These drawbacks have
motivated the emergence of alternative terahertz photo-
conductor and photomixer concepts that do not rely on
short-carrier-lifetime semiconductors.

Rather than carrier lifetime reduction, ultrafast carrier
dynamics can be realized through alternative approaches
including carrier transit time reduction or utilizing novel
materials with unique carrier transport properties. For
example, the relatively slowhole current is suppressed in the
active region of uni-traveling carrier photodiodes (UTC-PDs),
leading to short carrier transit times dominated by the high-
mobility electrons [44–46]. Incorporating optical cavities and
plasmonic contact electrodes in terahertz photoconductors is
another way to achieve short carrier transit times [47–49]. By
exciting surface plasmon waves at the interface between the
semiconductor substrate and the metallic nanostructures
that simultaneously serve as the contact electrodes, the
photocarrier concentration is significantly enhancednear the
metallic nanostructures, leading to greatly reduced transport
distances for the photocarriers. This concept has been suc-
cessfully applied to a diversity of terahertz emitters and de-
tectors under both pulsed and CW operation [50–54]. In
addition, the recently demonstrated spintronic terahertz
emitters are based onmetallic thin films that rely on optically
induced ultrafast spin and charge dynamics for terahertz
generation [55, 56]. By stacking a ferromagnetic (FM)material
and a non-ferromagnetic (NM) material with strong spin–
orbit coupling, an ultrafast spin current is generated upon
femtosecond laser excitationof theFM layer. The spin current
is transmitted through the FM/NM interface and is converted
intoanultrafast charge current inside theNMmaterial,which

radiates broadband terahertz waves. Alternatively, the
unique electrical and optical properties of many low-
dimensional materials make them attractive alternatives to
short-carrier-lifetime semiconductors used in terahertz pho-
toconductors [57–59]. On the one hand, the broad optical
absorption spectrum of many low-dimensional materials
enable operation at a broad range of optical pump wave-
lengths. On the other hand, the very high carriermobility and
ultrafast carrier relaxationofmanyof thesematerials, suchas
graphene, can provide carrier response times in the sub-
picosecond to picosecond range. Figures 2a–d illustrate the
physical mechanisms enabling ultrafast carrier dynamics in
each of the aforementioned scenarios: p-i-n diode junctions,
plasmonic nanostructures, spintronics, and low-dimensional
materials for terahertz generation and detection.

This review article aims to provide an overview of the
above-mentioned approaches for realizing ultrafast carrier
dynamics in terahertz photoconductors and photomixers
without using defect-introduced short-carrier-lifetime
semiconductors. Section 2 provides the theoretical founda-
tion of the generation and detection of terahertz radiation
through terahertz photoconductors and photomixers. Ter-
ahertz photoconductors and photomixers utilizing the ul-
trafast carrier dynamics in p-i-n diode junctions, as well as
plasmonic nanostructures, spintronic materials, and low-
dimensional materials are described in Section 3. Finally,
the conclusions and the outlook are given in Section 4.

2 Theory of terahertz
photoconductors and
photomixers

This section introduces anupdated theoreticalmodel of the
terahertz generation and detection process in photo-
conductors and photomixers based on the theory pre-
sented in [60, 61]. This updated theoretical model is a
generalization for any kind of generation geometry (i.e. not
limited to a specific region of the photoconductor) and any
kind of optical pump signal. A detailed elaboration is
presented in the supplemental material.

2.1 Photocarrier generation and transport

When electron–hole pairs are excited in a semiconductor
by an optical pump signal with a photon energy higher
than the semiconductor bandgap energy, hν ≥ EG, and a
power of PL( t), electrons are raised to the conduction band
and holes are created in the valence band. After
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generation, they diffuse or drift within the semiconductor
until they are eventually either trapped within their
average carrier lifetime, τrec, or reach their respective
electrode within a transit (or transport) time τtr to generate
an external current. We first look at a microscopic picture
to calculate the infinitesimal currents generated locally
within the device that is finally integrated up over the
whole absorption volume in order to yield the total
photocurrent. Figure 3 illustrates the general device ge-
ometry and variables used in the subsequent equations.

The carriers are generated by the incident optical

pump at a time t′ at a generation rate of

g( r→, t′) = α( r→, ν) ⋅ IL( r→, t′)
hν

, (1)

where α( r→, ν) is the laser frequency- and spatially-
dependent absorption coefficient. For the case of plas-
monic photoconductors (see Section 3.2), a spatial depen-
dence of α comes from the enhancement of the absorption
close to the metal electrodes. IL( r→, t′) is the optical in-
tensity entering the semiconductor. Reflection at the
semiconductor surface is neglected here but can be easily
considered by the transmission coefficient T = 1 − R. For
planar devices with a constant cross-sectional area A, the
intensity reads IL( r→, t′) = PL( r→, t′)/A. Initially, the opti-
cally generated charges are at rest. Prone to an external
field or a built-in field, the charges are accelerated toward
their respective electrode. At a time point τ = t − t′ after
their generation at point r→ and time t′, they have reached
an (ensemble average) velocity of v→( r→, τ). The details of
the evolution of the velocity will be discussed later. For
now, we would like to provide a very general picture of the
transport process. However, we remark that the velocity
does not only have an explicit dependence on the genera-
tion point r→ but also an implicit one in the most general
case, given by the electric field strength on the field line the

Figure 2: Schematics that illustrate the ultrafast carrier dynamics enabling terahertz generation and detection. (a) Uni-traveling carrier
photodiode junctions, where electron-dominant carrier transport enables high-power CW terahertz generation. (b) Plasmonic nanostructures,
where plasmonics-enhanced near-field photocarrier generation enables pulsed and CW terahertz generation and detection. (c) Spintronic
materials, where ultrafast electronic spin-to-charge conversion enables broadband terahertz generation. (d) Low-dimensional materials,
where high mobility photocarrier transport enables terahertz generation and detection.

Figure 3: The optical pump signal with an intensity IL( r→, t ′) is
incident from the top on a photoconductor (or p-i-n diode) and
absorbed along an absorption length d. Yellow: contact electrodes.
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charge is travelling on. As the field lines represent lines of
constant electric field, the implicit dependence can be
mapped onto the time dependence on τ. While being
transported, carriers are trapped, exponentially reducing
the carrier concentration [62] as exp[ −τ/τrec]. In summary,
the current density generatedwithin a certain volumeof the
photoconductor can be written as

j
→( r→, t, t′) = en( r→, t, t′) v→( r→, t, t′)

= eα( r→, ν) ⋅ IL( r→, t′)
hν

v→( r→, t − t′)
exp[ − t − t′

τrec
].

(2)

The total current density requires integration over all

generation times up to themaximum transport time τtr( r→)
that a charge travels from its generation point r→ to its
respective electrode.Writing the integration boundaries as
Heavyside step functions, the total current density gener-

ated at point r→ is

j
→( r→, t) = ∫

∞

−∞
eα( r→, ν) ⋅ IL ( r→, t′)

hν
v→( r→, t − t′)

exp −t − t′

τrec
[ ]θ t − t′( )θ(τtr( r→) − t − t′( ))dt′. (3)

The current density can now be re-expressed as

j
→( r→, t) = G

→( r→, t) × g( r→, t), (4)

where “×” represents the convolution operator. Equa-
tion (4) holds for any type of optical excitation g( r→, t),
pulsed or CW, where

G
→( r→, t) = e v→( r→, t)exp[− t

τrec
]θ(t)θ(τtr( r→) − t) (5)

is the Green’s function for the current density for any kind of
photomixer or photoconductor with known carrier lifetime
τrec and velocity profile v→( r→, t). Finally, the total current
generated within the device requires integration over all
places where charges are generated, namely the volume V,

I t( ) = ∫
V

1

l r→( ) j
→

r→, t) ⋅ n→E r→( )dV ,( (6)

where n→E( r→) is the unit vector of the direction of the field
accelerating the charges that were generated at point r→,
and l( r→) is the length of the corresponding field line. The
normalization by the length of the field line l( r→) is
explained in detail in the supplemental material. An alter-
nativeway towrite Eq. (6) is ∫1

l ∫ j
→( r→, t) · dA→dl, where the

inner integral is the usual relation between current and
current density. The outer integral is necessary to take the
missing third dimension of the charge generation volume

into account. We remark that Eq. (6) does not account for
any high power effects, such as bias field screening and
radiation field screening. Both effects will impact the
effective accelerating field on a sub-picosecond time scale,
requiring dynamic simulations.

As the transport kinetics of electrons and holes is
generally different, Eq. (6) has to be solved separately for
both partial currents. Under many circumstances, how-
ever, one of the two currents, often that of the electrons, is
dominant for terahertz generation and detection. In gen-
eral, Eqs. (3)–(6) hold for any type of optical excitation and
for any type of photomixer or photoconductor. Solving Eq.
(6) usually requires numerical methods, e.g. for the cases
of a photoconductor with planar electrodes on the photo-
conductor surface featuring an inhomogeneous electric
field distribution within the sample, a plasmonic photo-
conductor with strongly altered, inhomogeneous optical
intensity distribution, or a p-i-n diode with ballistic ve-
locity effects. Some simplified cases for illustrative pur-
poses will be presented later.

Finally, the velocity profile needed for the Green’s
function in Eq. (5) deserves a closer look. Within the
terahertz-relevant time scale of the first few 100 fs after
their generation, the carriers start at rest and are then

accelerated by an external or internal electric field, E
→( r→).

This acceleration process is not an equilibrium process,
the charges are travelling mostly at velocities strongly

differing from the drift velocity given by v→ = μE
→
. For

defect-induced short carrier lifetime and indirect bandgap
semiconductors, as well as for holes in general, the carrier
velocity is often well described by the Drude-model,

m∗∂ v
→( r→, t)

∂t
+m∗ v

→( r→, t)
τsc

= e E
→( r→) (7)

where m∗ is the effective mass (for direct bandgap
semiconductors, in the Γ-valley, for indirect bandgap
semiconductors in their respective lowest valley). In
photoconductive emitters and p-i-n diodes, the direction of
the electricfield changes only slowly (or not at all) along the
propagation path of the charge, i.e. the field line. That is,
only little energy is used for changing the direction of mo-
tion, while the vast majority is used for accelerating or
maintaining the velocity of the carriers. This allows to
approximate Eq. (7), at least locally, by its scalar formwhere
all vectors are replaced by their respective scalar quantities.
Under this simplifying assumption, Eqs. (6) and (7)
decouple and the charge velocity from Eq. (7) can be
reduced to a one-dimensional problem, where

⃒⃒⃒⃒⃒
E
→( r→)

⃒⃒⃒⃒⃒
is

the field strength at the point of charge generation that
remains constant along the field line the charge is travelling
on. The scattering time can be approximated from the DC
Hall mobility μH as τsc = m∗μH

e . We remark that the scattering
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time under illumination and under bias may be somewhat
shorter than the scattering time obtained from DC Hall
measurements under dark conditions as the charges see
more scattering partners and the device is hotter.

For p-i-n diodes or long carrier lifetime (∼ns) photo-
conductors that are made of direct bandgap semi-
conductors, however, both the scattering time τsc and the
effective mass m∗ cannot be considered constant for elec-
trons: the motion of electrons starts in the Γ-valley, where
they feature a comparatively small effective mass (0.067
m0 for GaAs and 0.041 m0 for InGaAs, e.g. [63]) and are
then accelerated ballistically, i.e. with negligible scat-
tering. Thus, the second term in Eq. (7) can be neglected.
After the electrons reach the LO phonon energy (typically a
few 10 meV), they start emitting phonons efficiently. But
this effect is comparativelyweak such that the electrons are
further accelerated, yet with a somewhat reduced accel-
eration [64]. Finally, they reach a kinetic energy corre-
sponding to the energy difference between the Γ-valley and
the next higher valley, which enables very efficient scat-
tering to the respective side valleys. At this point, they may
have reached a velocity 10 times higher than the saturation
velocity [60]. The side valley scattering has two major
consequences: (i) the effective mass in the side valleym∗

S is
usually much larger than in the Γ-valley (about 13 times
higher in GaAs and about 7 times higher in In0.53Ga0.47As)
strongly slowing down the acceleration, and (ii) there are
several side valleys in different directions where the elec-
trons can scatter to. This effectively randomizes the direc-
tion of motion, slowing down the average velocity to the
respective drift velocity, v→D = μH E

→
. The effect of reaching

velocities much higher than the saturation velocity is
termed as ballistic transport or, likewise, velocity over-
shoot. It plays a dominant role in all direct bandgap
semiconductor p-i-n diode concepts that make use of
electron transport only, such as uni-travelling carrier
photodiodes (see Section 3.1). For such complex transport
kinetics, simulations are typically indispensable. Further
details can be found in [60] and in [64]. For typical accel-
eration fields and semiconductor materials used in
photoconductive terahertz emitters, ballistic effects last
only for the first∼200 fs [64], depending on the applied bias
field and semiconductor parameters. However, this is the
time scale most relevant for terahertz generation.

2.2 Simple cases with analytical solutions

To conclude the theoretical description, let us examine
some simple cases where analytical solutions of Eqs.
(3)–(6) exist. We assume a uniform optical excitation and a

decay of the optical pump power according to the Lambert-

Beer’s law along the light propagation direction. We also

assume carrier transport with a constant (average) velocity

v in a homogeneous field, e.g. in a plane-parallel electrode

layout [65] with an electrode spacing of wG. Under these

approximations, all field lines have the same length,

i.e., l( r→) = wG = const.
(1) Short carrier lifetime photoconductor pumped by a CW
optical excitation under a DC electric field (applied exter-
nally or internally) operating as a CW emitter. In this sce-
nario, τrec ≪ τtr = r

v for almost all generation points,

g( r→, t′) = α ⋅ PL,0( z)( 1+cos ωt′)
A⋅hν and the current in Eq. (6) be-

comes [62]

IPC(t) = ePL, abs

hν
⋅
vτrec
wG

⋅ (1 + 1̅̅̅̅̅̅̅̅
1 + ω2τ2rec

√ cos(ωt + φ)), (8)

where φ = arctan ωτrec, vτrecwG
= τrec

τmax
tr

= g is termed as the

photoconductive gain, and ηLT = 1̅̅̅̅̅
1+ω2τ2rec

√ is defined as the

lifetime roll-off. It should be noted that the radiated power
is proportional to the square of the AC current and hence
rolls of as f −2 at high frequencies. The factor containing
the absorbed fraction of the optical pump power,

I id = ePL, abs
hν = ePL,0

hν [1 − exp( −αd)], is the ideal photocurrent

that is only achievable with long carrier lifetime photo-
conductors at low frequencies.
(2) Long carrier lifetime photoconductor or p-i-n diode

pumped by a CW optical excitation under a DC electric field

(applied externally or internally) operating as a CW emitter.

In this scenario, the long carrier lifetime allows to drop the

exponential term in Eq. (5), resulting in

j( r→, t) = eα ⋅
PL,0 z( )
A ⋅ hν

vτtr 1 + sinc
ωτtr
2

cos ωt + ωτtr
2

( )( ).
(9)

Equation (9) has to be evaluated separately for elec-

trons and holes in case of photoconductors. In case of uni-

travelling carrier diodes, where charges are essentially

generated at a very localized position close to the p-con-

tact, the hole current can be neglected and the total current

is given by the current generated by electrons as

IUTC(t) = I id(1 + sinc
ωτtr
2

cos(ωt + ωτtr
2

)), (10)

where we have used vτtr = wG = l. The zero crossings of the

sinc term of the AC current will not be visible in real devices

as the finite absorption area and the non-constant velocity

of the charges smear it out. Some waviness, however, may

remain. The envelope of the sinc term causes a linearly

increasing loss of the AC current with increasing frequency
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above a 3 dB frequency roughly determined as f tr3dB ≈
1

bτtr
,

with b ≈ 2 depending on the details of the carrier transport
[60]. Therefore, the terahertz power (being proportional to
the square of the AC current amplitude) decreases roughly
as f −2 above this frequency. Independent of the type of
diode or long carrier lifetime photoconductor, the transit-
time roll-off is usually approximated as ηtr = 1̅̅̅̅̅̅

1+(bτtrf )2
√ ,

again with b ≈ 2.
In case of long carrier lifetime photoconductors, like

semi-insulating (SI) GaAs, or p-i-n diodes with extended
absorber regions (of length l = di = wG), currents are
generated all over the transport region, yielding

Iτrec≫PC (t) = 1
2
I id

⎡⎢⎢⎣1 + 2 ⋅( 2
ωτmax

tr
)2

∫
0

ωτmax
tr
2 sin ϑ ⋅ cos(ωt + ϑ)dϑ

⎤⎥⎥⎦,
(11)

where ϑ is a unitless integration variable and τmax
tr = wG

v . The

amplitude of the AC current component can be determined

analytically as AAC(ξ ) = I id
2ξ 2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
sin4(ξ ) + (ξ − 1

2 sin(2ξ ))2
√

where ξ = ωτmax
tr
2 . It will differ for electrons and holes because

they usually travel at different velocities and have different
transit times.Anexample is shown inFigure4 forτmax

tr = 5and
0.25 ps, respectively. Clearly, the nodes of the sinc have
(almost) vanished. The factor 12 in front of theDC term is due to

the fact that for a long carrier lifetime photoconductor or a
double heterostructure p-i-n diode each electron and each

hole contribute on average just half of the ideal photocurrent
as the center of mass is in themiddle of the device. Summing
up electron and hole currents yields again I id.We remark that
Eq. (11) is only correct for photoconductors where light
propagation and charge transport directions are orthogonal
to each other. For p-i-n diodes, this is frequently not the case,
so Eq. (11) is only a good approximation for diodes with
comparatively short absorber layers (absorption ≪50%).
More details can be found in the supplemental materials.
(3) Photoconductor pumped by an ultrashort pulse optical
excitation under a DC electric field (applied externally or
internally) operating as a pulsed emitter. In this scenario,

g( r→, t′) = α ⋅ EL,0( z)δ( t′)
A⋅hν , where EL, 0(z) is the optical pulse

energy, and the time integral in Eq. (3) yields

j( r→, t) = eα ⋅
EL,0 z( )
A ⋅ hν

v ⋅ exp − t
τrec

[ ]θ t( )θ(τtr( r→) − t). (12)

The current is the integral over all generation points,
yielding a triangular shape for a long-carrier-lifetime
photoconductor, while for a short-carrier-lifetime photo-
conductor it will essentially remain an exponentially
decaying function,

Ipls(t) = Qid

τmax
tr

e−
t

τrec(1 − t
τmax
tr

)Θ(t)Θ(τmax
tr − t), (13)

where Qid = eEL, abs
hν = (1 − exp( −αd)) eEL,0hν is the total charge

generated by the optical pump. For a p-i-n diode or a pho-
toconductor with a long carrier lifetime, the current density
(Eq. (12)) appears as a function with an abrupt onset, a
duration of the charge transit time and then an abrupt end

when the charge cloud originating frompoint r→ reaches the
contact. The current turns into a saw tooth shape as shown
in Figure 5a. For a photoconductor with a short carrier life-
time, there will be an abrupt onset, followed by an expo-
nential decay with the recombination time τrec as also
illustrated in Figure 5a. In both cases, the spectrum will be
dominated by the sharp onset of the current. As Eq. (13) does
not depend explicitly on the photoconductive gain, a short
carrier lifetime is not desperately necessary for terahertz
generation in this scenario. The terahertz components are
predominantly generated by the sharp current onset caused
by the short laser pulse duration. The main difference be-
tween a short and a long-carrier-lifetime photoconductor is
that the former decays more quickly to the dark state, while
the latter and the p-i-n diode carry the generated charges for
the whole transport time. That is, the DC current will be
(much) higher, which may impose limits onmaximum laser
power before thermal destruction occurs. This feature is
easy to see in the frequency domain for a short-carrier-
lifetimematerial, where Eqs. (4)–(6), under the assumptions

Figure 4: Amplitude of the (electron) AC photocurrent as a function
of frequency for three different cases: a long-carrier-lifetime pho-
toconductor with τmax

tr = 5 ps, a long carrier-lifetime photoconductor
with a sub-ps transit-time τmax

tr = 0.25 ps, and a short-carrier-lifetime
photoconductor with a long transit time τmax

tr = 5 ps and a τrec = 0.25
ps. The amplitudes are normalized to the long lifetime cases. All
cases show a f −1 AC current roll-off, corresponding to a f −2 power
roll-off. The short-carrier-lifetime material has a g = 0.05 times
lower DC amplitude and a lower 3 dB frequency as the τtr = 0.25 ps
long-carrier-lifetime case, but a higher one than the τtr = 5 ps case.
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of a constant field and a constant carrier velocity, and for an

arbitrarily shaped absorbed optical power Pabs
L ( t′), yield

I(t) ≈ 1
τmax
tr

∫
∞

0

ePabs
L (t′)
hν

e
(− t−t′

τrec)
dt′ (14)

whose Fourier transform is

I(ω) = g
ePabs

L (ω)
hν

⋅
1

1 − iωτrec
. (15)

The DC part of the current is proportional to the DC
component of the optical spectral power, yielding

IDC∼gPabs
L, av. The radiated power spectral density, however,

becomes independent of the recombination time in the high

frequency limit, I(ω)/ ePabs
L (ω)
hν ⋅ i

ωτmax
tr
. This is demonstrated

in the power spectrum illustrated in Figure 5b for a delta-
shapedoptical pumppulse for the case of a longanda short-
carrier-lifetime material, where both cases converge in the
high frequency limit, while in the low frequency range
the long lifetime material shows a much higher current.
Thus, using short carrier transit times, ideally in the sub-ps
range, might be beneficial for the pulsed case, as we will
show in Section 3.2. In such a case, current only flows for a
very short time, pushing the onset of the roll-off toward high
terahertz frequencies, making the device more efficient.

Besides the transit-time roll-off, all photoconductors
and photomixers are prone to the RC roll-off caused by the
finite device capacitance C in conjunction with the radia-
tion resistance of the antenna RA and potentially further
parallel and serial resistance caused by the semiconductor
active region and the interconnects, respectively [60]. This

leads to a power roll-off of ηRC = 1
1+( 2πRACf )2 for antennas

with a real-valued impedance RA. The equation can be
generalized for any kind of antenna using the equivalent
circuit diagram shown in ref. [66].

Let us briefly compare the results for the three transport
scenarios discussed above, namely, Eq. (8) for a CW oper-
ated short carrier lifetime photoconductor, Eq. (10) for a CW
operated long carrier lifetime photoconductor and p-i-n
diode, and Eq. (13) for a pulsed operated photoconductor
and p-i-n diode. For short-carrier-lifetime photoconductors,
both the DC and AC photocurrents are much smaller than
the ideal photocurrent, while for long-carrier-lifetime pho-
toconductors and p-i-n diodes, the low frequency and DC
photocurrent amplitudes are identical to the ideal photo-
current, I id. This has two major consequences:
(1) The high photocurrent I id of long-carrier-lifetime pho-
toconductors and p-i-n diodes in combination with an
applied bias or built-in potential, U , generates a large
amount of Joule heat. The maximum thermal load of a
reverse-biased p-i-n diode or a photoconductive device
before catastrophic thermal failure occurs [67], is given by

PTh
max = UIPh + PL, abs, (16)

where IPh = gI id is the generated DC photocurrent andPL, abs

is the absorbed laser power. For the same heat spreader and
material properties, these devices tolerate less optical pump
power but generate more photocurrent from the incident
pump signal. We remark that Joule heating is a less severe
boundary condition for the pulsed case as the device can
relax to its dark state in between the consecutive pulses and
most of the radiated power is generated in a short period of
time during the optical excitation.

Figure 5: Time domain trace of the
photocurrent amplitude (a) and the power
spectra (b) of a long carrier lifetime and a
short carrier lifetime photoconductor under
pulsed operation.
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(2) A long recombination time causes the transit-time roll-
off to be limited by the carrier transit-time. In order to shift
the transit-time 3 dB frequency beyond 100 GHz, compar-
atively short transport lengths (electrode gap sizes for
photoconductors or intrinsic layer lengths for p-i-n diodes)
are required, typically of the order of 150–300 nm (as
opposed to gap sizes of ∼2 µm normally used for short
carrier lifetime CW photoconductors, e.g.). For classic
electrode designs, this severely increases the capacitance
of the device reducing the RC 3-dB frequency. For a p-i-n
diode, for example, the capacitance is given by C = ϵ0ϵrA

di
,

where ϵr∼11 − 13 for a typical semiconductor, di is the
transport layer length and A is the device cross section. For
the p-i-n diode, the only way out is using smaller device
cross sections, A, in order to counter-fight the increase of
the capacitance. Unfortunately, a small device cross sec-
tion limits the maximum current through the device, not
only because of Joule heating, but also due to the satura-
tion of the AC photocurrent as a result of the carrier
screening effect. Therefore, transport-time and RC 3 dB
frequency cannot be generally optimized independently.
They are typically linked by the transport length, that
should be short for transport-time optimization and long
for reducing the capacitance in order to increase the RC
3 dB frequency. Still, for CW operation, p-i-n diodes excel
short-carrier-lifetime photoconductors in the lower ter-
ahertz range. Due to the vast number of different devices
with different parameters anddesigns, a strict rule onwhen
to use a short-carrier-lifetime photoconductor and when to
use a p-i-n diode for CW terahertz generation cannot be
provided. In many cases, the break-even point is around
1 THz, i.e. p-i-n diodes perform better below 1 THz, while
short carrier lifetime photoconductors outperform at
higher frequencies. For photoconductors, however, there is
an alternative for decoupling both roll-offs terms, at least
partially. Reducing the transit distance by employing
plasmonic absorption enhancement close to one electrode
only, reduces considerably the transit-time (Section 3.2),
potentially to values shorter than the recombination time
τrec. Since the electrode gap does not need to be reduced,
the capacitance remains relatively low. In turn, the short
transit-time instead of a short recombination time governs
the high frequency performance as illustrated in Figure 4,
where a long-carrier-lifetime material with short transit
time and a short-carrier-lifetime material are compared.
The AC terahertz photocurrent gets closer to the ideal
photocurrent I id, requiring considerably less optical pump
power in order to obtain the same terahertz power as a

short-carrier-lifetime (i.e. low gain) photoconductor that
delivers a photocurrent amplitude of Iph = gI id, at best. In
turn, the lower optical pump power also relieves thermal
effects given by Eq. (16).

An often-neglected consideration is photocurrent
saturation in photoconductors and p-i-n based terahertz
emitters. On the one hand, a photocurrent close to the ideal
photocurrent enables high-efficiency terahertz generation
at low optical pump powers. On the other hand, a large
amount of charges generated in the device’s active region
at high optical pump powers screens the built-in or applied
DC field [60]. At large photocurrents, the screening causes
regions with negligible accelerating field, leading to the
saturation or even reduction of the generated radiation
(lower terahertz power despite higher optical pump po-
wer). Saturation generally sets in at photocurrent densities
between 20 kA/cm2 and 100 kA/cm2, corresponding to
photocurrents in the range of 2–20 mA for typical device
geometries. Still, this permits terahertz powers in the
several mW range. The situation is severely aggravated
under pulsed operation, where all charges are generated
within the pulse duration that is typically much shorter
than the carrier transit time and recombination time. The
large charge density quickly saturates p-i-n diodes [64],
therefore, they are hardly used in pulsed operation. Long-
carrier-lifetime materials are typically not used under CW
operation as fields on the order of several 10 kV/cm, ideally
>50 kV/cm, are required for efficient charge separation.
With typical planar electrode gaps of the order of 2 µm, this
corresponds to DC biases in the range of 10 V. Combined
with a photocurrent close to the ideal photocurrent, the
thermal load (Joule heat in Eq. (16)) heavily limits the laser
power. For pulsed operation, however, the photoconductor
relaxes to the dark state between consecutive optical pump
pulses. As the high frequency part of the emitted spectra of
short-carrier-lifetime and long-carrier-lifetime materials
are similar, long-carrier-lifetime materials can indeed be
used for pulsed terahertz generation. However, they satu-
rate earlier and have a more pronounced low frequency
spectrum, due to the large amount of travelling charges.

2.3 Photoconductive terahertz detection

Photoconductors are also excellent homodyne or hetero-
dyne detectors. Instead of applying a DC field, the terahertz

field E
→

THz( r→, t) biases the metal-semiconductor-metal
junction while it is (usually) illuminated with the same
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laser signal also used for generating the terahertz wave.
Consequently, the laser signal at the receiver and the
received terahertz signal are mutually coherent and phase-
locked. In the small signal regime, the same calculations as
for the generation case apply, except that the carrier velocity

in Eq. (5) has to be replaced by v→( r→, t) = μAC E
→

THz( r→, t),
where μAC is the (actually time-dependent, see Eq. (7)) AC
mobility of the respective carrier. In turn, thephotoconductor
delivers a current of ID( t)∼PL( t)× ETHz( t), where the “×”
denotes the convolution operator as in Eq. (4). Inmost cases,
only the low frequency (i.e. the rectified) component of the
detected current is read out, ID = <ID t( )>T = R f( )ETHz Δt( ),
where <>T denotes the timeaverage andΔt is the relative time
difference between the terahertz signal and the laser signal.
R f( ) is the laser power and transport-kinetics-dependent
current responsivity and determines how much current is
generated by an incident terahertz field at frequency f . The
key performance parameter of a detector is the noise-
equivalent power, NEP, which is defined as the input power
equal to the noise floor for a detection bandwidth of 1 Hz. For

aphotoconductor, it is givenbyNEP∼ IN/( R)2,where IN is the
noise-equivalent current (in units A/

̅̅̅
Hz

√
). For a low NEP,

both the responsivity R has to be maximized as well as the
noise current IN minimized. Similar to sources, an ultrafast
response time–nomatter whether it originates from a short
recombination time or a short transit-time – is essential for
two reasons: (1) improved high frequency performance
(transit-time or lifetime roll-off) and (2) improved noise
performance.

For point (1), the same formulas developed in the pre-
vious subsection apply to estimate the high-frequency per-
formance in photoconductive detectors. Equivalently,
beyond the lifetime (or transit-time) cut-off frequency, its

value also rolls off asR f( )∼f −2. Like in the case of emitters,
detectors engineered for a sub-ps carrier transit time may
outperform existing concepts based on short carrier
recombination times, as they feature a high transit-time 3-dB
cut-off frequency while yielding a high photocurrent gain.

For point (2) the situation becomes a bit more intricate.
One the one hand, a high gain (e.g. by a very short carrier
transit-time and a long carrier lifetime) ensures a high
responsivity. On the other hand, it reduces the illuminated
resistanceRill of thedevice as carriers are efficiently removed
from the semiconductor material. The latter has detrimental
effects on the thermal noise current which is the lower limit
of the noise current IN. The magnitude of the thermal noise

current is given by IthN =
̅̅̅̅̅̅̅
<( I thN )

2
>

√
=

̅̅̅̅
4kBT
Rill

√
, which sets the

lower limit for the noise equivalent power [68],

NEP∼ <
I thN
R

( )2

> = 4kBT

R2Rill

. (17)

In the low laser power limit, the responsivity scales as

R f( )∼gηtr f( ) and the illuminated resistance is Rill∼g−1, i.e.
a higher gain helps to improve the NEP∼g−1 in the low
frequency limit. For conventional photoconductor layouts,
however, a high gain engineered by long carrier lifetimes
causes a low transport-time 3 dB frequency compromising
the high frequency performance as discussed in point (1).
This usually leads to drastically worse performance in the
terahertz range. For this reason, conventional photocon-
ductive detectors use short carrier lifetime material. A way
out is presented in Section 3.2 using plasmonic structures
with very short transit-time.

A further problem arises for high laser power levels,
where the responsivity may substantially deviate from the
linear dependence on the photoconductive gain. Further,
high currents increase the semiconductor temperature
which further reduces Rill. For short transit-time detectors
that feature a highphotoconductive gain, andhence amuch
lower value of Rill, the effect is conveniently compensated
by the use of lower optical powers, which in the end results
in similar, or superior, signal-to-noise ratios.

An open issue that still requires further investigation is
the influence that the laser noise plays in the noise of both
short-carrier lifetime and short transit-time photoconduc-
tive detectors for CW and pulsed operation.

3 Terahertz photomixers and
photoconductors without short-
carrier-lifetime semiconductors

3.1 Photomixers based on p-i-n diode
junctions

P-i-n diodes aremostly used for CW terahertz generation as
they produce a photocurrent close to the ideal photocurrent
(i.e. unity gain) while still offering transit-time roll-off 3 dB
frequencies considerably larger than 100 GHz. p-i-n diodes
operating in the terahertz range require dedicated high
frequency optimization. In Section 2 we have shown that
the transit-time roll-off 3 dB frequency is determined as

f 3 dBtr ≈ 1
2τtr

= v
di
, where di is the length of the transport sec-

tion, mostly the intrinsic layer of the device. The high
effective mass of holes and the absence of the velocity
overshoot causes holes to be considerably slower than
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electrons, at least in direct bandgap semiconductors.
Therefore, typical terahertz p-i-n diodes are designed to
absorb the optical power somewhere close to or evenwithin
the p-contact layer such that charge separation is domi-
nated by the electron transport. Thep-i-n diodes are usually
small, lumped element devices with sizes between ∼2 and
100 µm2 attached to an antenna. A variety of p-i-n diode
concepts has evolved in the meantime. The concepts dis-
cussed in the following focus on telecom-wavelength (i.e.
∼1550 nm) compatible devices although the discussed
concepts can be (and to a certain degree have been) also
transferred to 800 nm operated GaAs-based devices.

3.1.1 Operation of uni-travelling carrier photodiodes

The widest spread version is the uni-travelling carrier
(UTC-PD) photodiode or its variants, modified UTC-PD
(MUTC-PD) and other trade names [45, 46, 69–71]. The dark
and illuminated UTC band structure of a typical 1550 nm
design is illustrated in Figure 6. The structure begins with a
high band gap p-type material such as p-InP or p-InAl-
GaAs, followed by a p-type In0.53Ga0.47As absorber layer.
As both layers are p-type, the Fermi level is pinned,
aligning the valence band edges. This way, the high band
gap layer acts as a diffusion block layer for electrons but
permits holes to travel to the p-contact shown on its left
side. The absorption of the ∼1550 nm optical pump signal
takes place in the low band gap InGaAs layer. The next part
is a weakly n-doped or intrinsic sequence of InGaAs via

quarternary InGaAsP to InP, often termed as cliff layer.
Although a continuously graded transition from InGaAs to
InP would cause less scattering and more homogeneous
electric field distribution, it is fairly difficult to grade
InGaAs via quarternary InGaAsP to InP while maintaining
lattice-matching to InP and thus high crystalline quality.
The main obstacle is stabilizing the group V elements
during growth. The transition is followed by a weakly
n-type doped or intrinsic InP transport layer and finally the
n-InP contact.

The UTC structure features the following advantages:
The absorption within the p-contact ensures that the
charge separation and carrier transport is governed by the
electrons that have to travel across the intrinsic layer.
Electrons strongly benefit from ballistic effects that holes
do not show, particularly in InP with an energy difference
between the Γ and L-valley (being the next higher side
valley) as large as 0.59 eV [72]. Further, the InP transport
layer features a comparatively high thermal conductivity of
0.68 W/(cm K), approximately 12 times higher than that of
InGaAs, enabling high optical power densities before
thermal destruction of the device occurs. Usually, the
transport saturates before the device breaks down ther-
mally. Saturation originates from the fact that the separa-
tion of optical charges generates an electric field that
opposes the built-in field [60]. To a certain degree, this field
can be compensated with external bias (Figure 6), how-
ever, charges within the transport layer alter the field
locally which then bends the transport layer upwards. The
strength of this effect depends on the optical power. At
highest optical power levels, the field distribution within
the intrinsic layer becomes so severely distorted, that the
region close to the p-contact does not show a noticeable
acceleration field anymore (current blocking) while the
field at the n-contact side is so high that severe side valley
scattering sets in, reducing the electron speed to the
comparatively slow saturation velocity at best. To a certain
degree this effect can be mitigated by slightly n-doping the
transport layer, thus causing a bend in the opposite di-
rection. This has enabled peak current densities of the or-
der of 70–100 kA/cm2 [71, 73–75], corresponding to
photocurrents on the order of 10–20 mA for devices oper-
ating around 1 THz. At lower frequencies, larger devices
may be used, thus also permitting higher currents.

The main downside of UTC diodes is their flat, almost
field-free absorber layer. Photoexcited electrons generated
in this layer first have to diffuse out toward the transport
layer where they are then accelerated by the built-in field.
The drift process is fairly slow, causing a severe increase of
the transit-time and therefore a reduction of the 3-dB fre-
quency [70]. Different variants of MUTC diodes aim for

Figure 6: Band structure of an UTC diode in the dark (unbiased,
black) and illuminated conditions (reverse-biased, red). The vertical
axis represents the energy level E, while the horizontal axis the
spatial z-coordinate. U represents the applied bias. The UTC diode
suffers from current blocking at high optical power levels. The effect
is less severe if the transport layer is slightly n-type.
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mitigating this issue. One option is to split the absorber
layer between a flat low-p-doped part and an intrinsic or
slightly n-doped (but depleted) InGaAs section that is part
of the transport layer. The AC current is then composed of
three constituents: (i) the diffusion current of electrons that
are absorbed in the (shorter) flat section of the absorber.
These electrons are comparatively slow. (ii) The electron
current that is generated within the absorber section in the
transport layer. Electrons are accelerated by the local field
right away to ballistic velocities resulting in a very short
transit-time. (iii) The hole current generated within the
absorber of the transport layer. Though holes feature about
an order of magnitude higher effective mass in InGaAs and
do not show any velocity overshoot, the absorber layer
length in the transport region is usually chosen short
enough to allow for holes reaching the p-contact within a
comparatively short time. Theoretical combined transport
3 dB frequencies lie in the range of 600 GHz [70].

Further design optimizations include a graded doping
profile in the flat absorber layer. By decreasing the p-type
doping toward the transport layer, moving the Fermi en-
ergy away from the valence band, a quasi-field is formed
that accelerates electrons toward the transport layer. A
further positive effect arises when the device is operated
close to saturation requiring an external reverse bias to
restore the transport field. Part of the bias drops also at the
weakly doped flat absorber, further increasing the accel-
erating field toward the transport layer. The highest so far
reported output power levels with UTC or MUTC diodes are
10–16mWat 100GHz (resonant) [76, 77] and about 10 μWat
1 THz (broadband) [78]. A second issue with standard UTC
diodes is their comparatively low optical absorption coef-
ficient. The transit-time optimization dictates a short
absorber region of the order of 50–150 nm, depending on
the design operation frequency. For InGaAs around
1550 nm, the absorption coefficient is of the order of 6000–
8000 cm−1 [79], somewhat depending on the doping level
due to band gap shrinkage at high doping levels. For ver-
tical illumination (i.e. along the semiconductor growth
direction), a 100 nm absorber only captures 6–8% of the
incident light, corresponding to a responsivity of only
0.048–0.064 A/W.

The way out is integration of the photodiode with a
passive optical waveguide (POW). The POW is typically
within the bottom contact layer of the diode composed of a
quarternary InGaAsP layer that serves as waveguide core
and InP as waveguide cladding toward the substrate side
and an air as cladding toward the air side [77, 80, 81] as
illustrated in Figure 7. Like in an optical fiber, the 1550 nm
wave is guided along the waveguide that is fed by a
(sometimes lensed) fiber at the chip’s edge. When the light

arrives at the terahertz diode that is mounted on top of the
waveguide, the high refractive index of the diode (the
refractive indices of InGaAs, InP and respective quarter-
naries are all of the order of 3.1–3.7) causes the guided
wave to leak upwards into the diode. The light is thus
absorbed along the diode, perpendicular to the carrier
transport direction. In turn, the diode length, not just the
absorber thickness, determines the overall absorption.
Device lengths of the order of 10 µm suffice to absorb
more than 50% of the optical power. Narrow but long di-
odes allow to keep the device cross section area at a
reasonable level, mitigating the RC roll-off. The main lim-
itation on thewaveguide length is free carrier absorption as
the waveguide layers usually are also used as bottom
contact layers. Although the bandgap of the used POW
materials is too large for inter-band absorption, the
required doping to form a low-resistance bottom contact
causes free carrier absorption, imposing limits on either the
waveguide length or the maximum doping. As free carrier
absorption is more severe for p-type III–V semiconductors,
the bottom contact is usually chosen to be an n-contact
with a moderate doping. Further, the POWs are kept as
short as possible.

Examples of POW-integrated diodes are classical UTC/
MUTC designs with a reported 1550 nm responsivity up to
0.53 A/W delivering about 5 μW at 1 THz [74], and triple
transit region diodes with 0.5 A/W and a terahertz power of
∼1 mW at 0.11 THz at 16 mA photocurrent [80], while the
theoretical maximum 1550 nm responsivity is 1.25 A/W.

Another alternative, though technologically much
more challenging, is fabricating the UTC-PD in an asym-
metric resonant Fabry–Pérot cavity [82]. The sample is
illuminated along the surface normal. The top contact is
semi-transparent, with a defined reflection coefficient. Via
substrate transfer, the diode is lifted off its host substrate
and mounted on a gold-coated host. The gold layer acts as
bottom reflector, causing the light to travel several times
through the absorber. If the correct device height is chosen
and the top contact reflection and the loss of power via

Figure 7: POW-integrated terahertz diode. The fiber is not to scale.
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absorption within a round trip are balanced to cause per-
fect destructive interference for any outcoupled light,
theoretically all optical power can be absorbed within the
device. The authors of ref. [82] achieved a peak optical
responsivity of 0.29 A/W under DC operation with low
optical power levels at the optimum wavelength. Under
terahertz operation, the responsivity dropped to 0.12 A/W
offering a terahertz power of 0.75 mW at 300 GHz with a
photocurrent of 9.8 mA (optical power of 83 mW).

3.1.2 Other diode-based terahertz sources

Besides UTC and UTC-like designs, also double hetero-
structure diodes are implemented at terahertz frequencies.
As there are also hole currents in the intrinsic layer, they
saturate earlier [78]. However, a considerably short intrinsic
layer still enables efficient operation at terahertz frequencies.
Integrated with a POW these “waveguide integrated diodes”
offer an optical responsivity of 0.27 A/W. They offered a
terahertz power of 4 μW at 1 THz, just about 3 dB less than a
direct comparison to a state-of-the-art UTC diode [78]. Both
devices, compared in ref. [78], are commercially available.
The other extreme are fully ballistic diodes, where absorp-
tion takes place only in a graded intrinsic layer without any
flat absorber and any cliff layer. The band gap is linearly
increased by adding up a few percent Aluminum to InGaAs
toward the n-contact [83]. This way, the absorption region is
also confined close to the p-contact with a minor part of the
current due to holes that have to travel on the order of 40 nm
only, while electrons travel ballistically ∼160 nm. Cascading
such diodes leads to the n-i-pn-i-p superlattice concept [84].
In between the cascaded diodes, efficient ErAs-enhanced
recombination diodes are implemented in order to reduce
the bias drop at the np junctions emerging between two
subsequent periods. While transit-time-3dB frequencies
around 0.85 THz were reported [64], the comparatively poor
thermal conductivity of the required InGaAs to InAlGaAs
grading limits the maximum photocurrent density to about
20 kA/cm2. Thehighest output power achieved at 1 THz so far
is around 0.8 µW with a broadband design [62]. For further
details on 1550 nm operated III–V UTC diodes and terahertz
diodes the reader is referred to ref. [85].

Although the optical and transport properties of indi-
rect bandgap semiconductors are not favorable for ter-
ahertz generation, silicon-integrated germanium [86] and
SiGe [87] diodes are technologically very interesting as they
may become comparatively inexpensive and can be
directly integrated with high frequency SiGe electronic
circuits. So far, silicon-integrated germanium diodes have
demonstrated operation up to 1.3 THzwith a responsivity of
1.2 A/W and a power of 25 μWat 100 GHzwith only 4mWof

1550 nm laser power [86]. Another example of a SiGe diode
has achieved 16 μW at 200 GHz [87].

In summary, p-i-n diodes
– Feature a close-to-ideal laser power to photocurrent

conversion (gain ∼ 1).
– Frequently make use of ballistic charge transport.
– Offer high terahertz power at considerably low laser

power, at least below 1 THz.
– Offer excellent performance under CW operation but

saturate under pulsed operation.
– Feature an overall roll-off 3 dB frequency below

0.5 THz.
– Can (mostly) be manufactured by standard growth

techniques.
– Perform very poorly as terahertz detectors due to their

built-in field.

3.2 Photoconductors and photomixers
based on plasmonic nanostructures

As explained in the previous sections, the use of long
carrier lifetime photoconductors for CW terahertz genera-
tion is generally limited due to severe Joule heating.
However, long carrier lifetime photoconductors have been
successfully used for realizing pulsed terahertz emitters
[88–91], since the photoconductor can relax to the dark
state between consecutive optical pump pulses. In addi-
tion, the use of long carrier lifetime photoconductors for
terahertz detection in both pulsed and CW operation
modes is generally limited by the relatively long duration
of the photoconductor’s impulse response.

It was recently shown that the use of plasmonic
nanostructures can reduce the impulse response duration
of long carrier lifetime photoconductors, enabling the
realization of CW terahertz emitters and pulsed/CW ter-
ahertz detectors through these photoconductors [92–97].
This is because the concentration of the optical pumpbeam
and photo-generated carriers in the photoconductor active
area can be manipulated by the use of plasmonic nano-
structures so that the transport path length of the majority
of the photocarriers is significantly reduced.

Plasmonic nanostructures are usually designed as
periodic metallic patterns that, under momentum match-
ing conditions, enable the excitation of surface plasmon
waves at the metal-dielectric interface by an incident
transverse magnetic optical beam. The existence of surface
plasmon waves leads to strongly confined optical near
field, which has already enabled the development of
numerous high performance terahertz emitters and de-
tectors [47–54, 95–103], among other advancements in
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nonlinear optics [104], nearfield imaging and spectroscopy
[105, 106], as well as electromagnetic waves detection and
manipulation [107–109].

3.2.1 Photoconductive terahertz generation and
detection enhanced by plasmonic nanocavities

Plasmonic enhancement of the optical pumpabsorption in a
thin photoconductor layer (<200 nm thickness) through the
utilization of plasmonic nanocavities is a promisingmethod
to provide an ultrafast response for the photo-generated
carriers without requiring a short-carrier-lifetime substrate.
To achieve a sub-picosecond transit time for all of the photo-
generated carriers, the plasmonic nanocavities should be
designed to confine the optical absorption in small volumes
near the terahertz radiating elements. This results in a sig-
nificant reduction of the average carrier transport path
length and consequently all photo-generated electrons can
drift to antenna electrodes within a sub-picosecond time
scale. By increasing the quantum efficiency and ultrafast
operation simultaneously, terahertz detectors and emitters
based on nanocavities can offer significantly enhanced
sensitivity levels and optical-to-terahertz conversion effi-
ciencies over a large terahertz operation bandwidth.

In ref. [48] a high-sensitivity terahertz detector without
using a short-carrier-lifetime substrate was developed,
based on an optical nanocavity with a resonance wave-
length of ∼770 nm wavelength consisting of an array of
plasmonic gold nanoantennas and a distributed Bragg
reflector (DBR). A 190-nm-thick GaAs layer was used as the
photoconductive layer sandwiched between the plasmonic
gold nanoantennas and the DBR. 25 alternating pairs of
AlAs and Al0.33Ga0.67As layers were used to form the DBR.
The plasmonic gold nanoantennas featured a 200 nm
periodicity, a 100 nmgap, and 80 nmheight, with a 350 nm
Si3N4 antireflection coating such that the structure
exhibited an optical absorption of 80% within the thin
GaAs layer at 770 nm. Characterization of the detector was
performed in a terahertz time-domain spectroscopy setup,
where terahertz pulses were generated from another
photoconductive emitter excited by a femtosecond Ti-
sapphire laserwith a pulsewidth of 130 fs. This nanocavity-
based detector prototype is capable of detecting terahertz
pulses over a 0.1–4.5 THz frequency bandwithmore than a
100 dB peak dynamic range under only a 5 mW optical
power, exhibiting a comparable performance with the
state-of-the-art photoconductive terahertz detectors based
on short-carrier-lifetime LT-GaAs substrates.

Figure 8: (a) A modified terahertz detector based on plasmonic nanocavities, which is designed to maximize the photo-generated carrier
concentration within a 60 nm depth below the plasmonic nanoantennas. (b) The frequency-domain power spectrum obtained with this
detector at 0.1 mW optical pump power level. Adapted from [49]. (c) A terahertz emitter based on plasmonic nanocavities and (d) its radiation
power compared with a plasmonic nanoantenna array based on a short-carrier-lifetime LT-GaAs photoconductor as a function of the optical
pump power. Adapted from [50].
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In a follow up work, the ultrafast performance of ter-
ahertz detectors based on plasmonic nanocavities were
further improved by designing a nanocavity that provides
more than 50%optical absorptionwithin only 60 nmdepth
inside the photoconductive layer below the plasmonic
nanoantennas (Figure 8a) [49]. In addition to the modified
optical absorption profile, to further reduce the carrier
transit time, the modified detector design incorporated a
100-nm-thick In0.05Ga0.95As as the photoconductive layer
instead of traditionally used GaAs, to obtain a higher car-
rier mobility and a larger optical absorption coefficient. By
doing so, the terahertz detector offered very high sensitivity
levels even at sub-mW optical pump power levels. With a
terahertz emitter based on large-area plasmonic nano-
antenna arrays [103], a 100 dB peak dynamic range over a
0.1–6 THz usable frequency band was demonstrated
through this plasmonic-nanocavity-based detector at
average optical pump power levels as low as 0.1 mW, as
shown in Figure 8b.

A similar plasmonic nanocavity enhancement mech-
anism was also used to implement high-power, high-effi-
ciency terahertz emitters [50]. Like ref. [48], a 190-nm-thick
GaAs photoconductive layer and a DBR consisting of 25
alternating pairs of AlAs and Al0.33Ga0.67 As were used to
form the plasmonic nanocavity (Figure 8c). The plasmonic
nanoantennas deposited on the photoconductive layer
were specifically designed to maximize the optical ab-
sorption in the GaAs layer at ∼770 nmwavelength, leading
to an optimized radiation efficiency at this wavelength. As
a result, the nanocavity-based terahertz emitter provided a
4 mW average pulsed terahertz radiation power over 0.1–
5 THz, demonstratingmore than 20 times higher optical-to-
terahertz conversion efficiency compared to a similar
plasmonic nanoantenna terahertz emitter fabricated on
LT-GaAs substrate (Figure 8d).

The use of plasmonic electrodes fabricated on a thin
photoconductive layer for confined optical generation
can be easily scaled to other pump wavelengths to realize
high-performance terahertz devices without short carrier
lifetime semiconductors. To demonstrate the wide appli-
cability of the concept, terahertz detector prototypes opti-
mized for operation at 1040 and 1550 nm optical pump
wavelengths were implemented [95, 96]. These are two
important optical bands where fiber-optic technologies are
commercially available with high reliability, low cost, and
compact footprints. As shown in Figure 9a and c, both
detector prototypes are fabricated on an InGaAs photo-
absorbing layer no more than 200 nm thick, with Indium
concentrations of 24 and 53% for the 1040 and 1550 nm
detectors, respectively, to adjust the bandgap energy for
achieving high optical absorption. In both cases, a 200 nm

AlAs buffer layer is first grown on an SI-GaAs substrate in
order to reduce the dark conductivity and the noise level of
the detectors, followed by the growth of the InGaAs layer.
Due to the higher conductivity of the In0.53Ga0.47As layer as
a result of its smaller bandgap energy, the 1550 nmdetector
utilized a spiral-antenna-based design with a small active
area (1 × 10 µm), as opposed to the nanoantenna array
design of the 1040 nm detector. The plasmonic electrode
geometries for both detectors (280 nm periodicity, 80 nm
gap, and 3/77 nm Ti/Au thickness, with 380 nm Si3N4 for
the 1040 nm detector, and 460 nm periodicity, 80 nm gap,
and 3/77 nm Ti/Au thickness, with 240 nm Si3N4 for the
1550 nm detector) are optimized according to their
respective optical pump wavelengths to maximize the op-
tical absorption within the thin InGaAs layer, leading to
greatly reduced carrier transit time. Detection bandwidths
of 4 THz and 3.6 THz are demonstrated with the detector
prototypes operating at 1040 and 1550 nm, respectively
(Figure 9b and d). These demonstrations validate the broad
applicability of carrier transit time reduction through the
use of plasmonic nanostructures on a thin photo-absorbing
layer and, hence, they open up new possibilities of
designing and realizing high-performance terahertz de-
vices without being limited by the availability of short-
carrier-lifetime semiconductors.

3.2.2 Plasmonics-enhanced bias-free terahertz sources

The use of plasmonic nanostructures has been also very
effective for enhancing the terahertz radiation power from
bias-free terahertz emitters that utilize the naturally-
induced built-in electric field on the semiconductor sur-
face. When the semiconductor lattice is terminated, the
break in the lattice symmetry results in the formation of
electronic states with energies lying between the conduc-
tion band and the valance band of the semiconductor.
These states can act either as donors or acceptors which
carry a positive or negative charge when ionized, respec-
tively. The ionized states at the semiconductor surface
push the Fermi energy to the charge neutrality level of the
surface states, i.e. to the position where the net charge of
the states is zero. This Fermi level pinning results in a band
bending between the bulk and the surface of a semi-
conductormaterial as illustrated in Figure 10a [110–113]. As
a result, a built-in electric field is formed between the
semiconductor surface and the bulk. The electric field
present at the semiconductor surface can be used for ul-
trafast transit of the photocarriers and generation of ter-
ahertz radiation. When the pump photons are absorbed in
the semiconductor, the generated electron–hole pairs
close to the semiconductor surface can be accelerated by
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this built-in field and generate an ultrafast current within
the semiconductor, realizing photomixing within the
substrate.

In a conventional surface-field emitter, optical exci-
tation is directed under an angle with respect to the semi-
conductor surface normal such that terahertz waves
normal to the semiconductor surface can be generated to
allow more effective collection and utilization of the radi-
ation. Terahertz generation as a result of the transported
carriers through the surface built-in field (Figure 10a)
should not be confused with the photo-Dember effect

(Figure 10b). When an optical pump beam is absorbed in
the semiconductor, photogenerated electrons and holes
diffuse from the surface, where most carriers are generated
according to Lambert Beer’s law, toward the bulk due to the
formation of a concentration gradient. The higher effective
mass (lower mobility) of holes causes a difference between
the hole and electron diffusion currents, resulting in the
formation of a dipole inside the substrate, giving rise to
terahertz generation (Figure 10b). This process is referred
to photo-Dember effect. The polarity of the generated ter-
ahertz electric field can be used to determine whether

Figure 9: (a) Schematic diagram and the (b) detected power spectra under different number of averaged traces for the 1040 nm detector at an
incident average terahertz power of 6.8 µW. Reprintedby permission from [95]. Copyright (2020) by TheOptical Society. (c) Schematic diagram
and the (d) detected power spectra under different number of averaged traces for the 1550 nm detector at an incident average terahertz power
of 206 µW. Reprinted by permission from [96]. Copyright (2020) by The Optical Society.

Figure 10: The band structure of a p-type
semiconductor surface emitter utilizing
(a) the built-in electric field induced near
the semiconductor surface and (b) photo-
Dember effect.
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carrier drift or diffusion dominates the terahertz generation
process. In most n-type semiconductors, the built-in field
direction is toward the surface, drifting the photogenerated
electrons toward the bulk, and holes toward the surface. In
most p-type semiconductors, the built-in field direction is
toward the semiconductor, drifting the electrons toward
the surface and holes toward the substrate. Therefore, the
polarity of this drift current flips when the semiconductor
doping type is changed, resulting in a polarity change in
the generated terahertz electric field. In contrast, the net
direction of electron diffusion is always from the semi-
conductor surface toward the substrate. Therefore, the di-
rection of the current is independent of the doping type of
the semiconductor.

Semiconductor surface states may induce very high
built-in electric fields thanks to the Fermi level pinning at
the surface. However, the extent of the built-in electric field
is shallow inmany semiconductors, limiting the amplitude
of the generated ultrafast photocurrent for terahertz gen-
eration [114]. It was recently shown that plasmonic nano-
antennas can be used to efficiently couple the incident
optical pump beam to the semiconductor surface states,
enabling a high concentration of photocarrier generation
near the semiconductor surface where the intensity of the
built-electric field is maximized, leading to high-efficiency
terahertz generation.

Figure 11a shows the schematic diagram and operation
principles of a bias-free terahertz emitter design based on
the plasmon-coupled surface states concept. An epitaxially
grown 100 nm/500 nm undoped/p+-doped (p = 1019 cm−3)
InAs photoconductive layer grown on an SI-GaAs substrate
is used to optimize the built-in electric field extent and
strength near the surface [97]. The nanoantenna geometry
of 440 nm periodicity, 80 nm gap, 100 nm height, and
coveredwith 240 nmSi3N4 anti-reflection coating is chosen
to excite surface plasmonwaves at a 1550 nm optical pump
wavelength while maximizing the spatial overlap between
the optical generation profile and the built-in electric field
distribution. Confinement of optical generation mostly
within the undoped InAs layer allows the photocarriers to
travel with strong acceleration and high mobility. Addi-
tionally, the nanoantenna length of 2 µm is designed to
maximize the induced ultrafast current density on the
plasmonic nanoantenna array, which maximizes the
generated terahertz radiation. Figure 11b shows the fabri-
cated fiber-coupled passive terahertz emitter prototype
based on the described design, which generates terahertz
radiation with a 4 THz bandwidth and a 105 dB peak dy-
namic range in conjunction with an ErAs:InGaAs-based
photoconductive detector, under excitation by 150 fs op-
tical pulses (Figure 11c) [97]. The achieved optical-to-

terahertz conversion efficiencies by this emitter exceed
previously demonstrated bias-free optically pumped ter-
ahertz emitters based on non-linear optical processes,
spintronics, and photo-Dember effect, as detailed in
Figure 11d.

Engineering the doping profile of the photo-absorbing
semiconductor is not the only way to realize the bias-free
emitter concept. It has been demonstrated that the use of a
graded bandgap leads to a built-in electric field that ex-
tends throughout the entire photoconductive layer,
allowing all of the photo-generated carriers to be acceler-
ated toward the nanoantennas at the surface [115]. In
particular, an InGaAs layer with a linearly graded Indium
composition from 60 to 100% was epitaxially grown on an
SI-GaAs substrate. This design results in a stronger
photocurrent and, hence, a ∼4 times higher radiated ter-
ahertz power than achieved in ref. [97]. However, due to a
lower electric field intensity near the surface, which leads
to slower peak carrier velocity and slightly reduced high
frequency radiation, the enhancement of total power
comes with a small trade-off in its bandwidth. Further
improvements in the performance of this bias-free emitter
concept are anticipated to be possible by the combination
of the two design approaches.

In summary, photoconductors and photomixers with
embedded plasmonic nanostructures
– Enable broadband terahertz generation and detection

under high photoconductive gain.
– Enable record-high-power pulsed terahertz generation

compared to the state-of-the-art photoconductive
sources [101, 115].

– Enable record-high-sensitivity pulsed terahertz detec-
tion at very low optical pump powers compared to the
state-of-the-art photoconductive detectors [48, 49].

– Are widely used for both pulsed and CW operation at
different optical excitation wavelengths, through a
wide range of semiconductor substrates without
requiring defect engineering.

– Requiremore demanding nanofabrication processes to
be fabricated.

3.3 Photomixers enabled by spintronics

The research field of spintronics aims at complementing
and enhancing the functionality of conventional electronic
devices, which are based on the charge of the electron, by
the spin degree of freedom of the electron [116]. In terms of
applications in terahertz photonics, spintronic effects have
been shown to be highly useful for the generation and
amplitude modulation of terahertz electromagnetic waves
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[55, 56, 117]. In this section, we will focus on spintronic
terahertz emitters (STEs) because they take advantage of
ultrafast optically induced electron and spin dynamics.

3.3.1 Operation of spintronic terahertz emitters

Recently, STEs have emerged as a novel concept for effi-
cient and broadband generation of terahertz pulses [56].
STEs are based on two spintronic key phenomena
(Figure 12a): optically induced terahertz spin transport
[118] and spin-to-charge-current conversion (S2C) [119].
Terahertz spin transport can be driven by gradients of
temperature or spin voltage [120]. The latter is also known
as spin accumulation, which can be understood as an

excess of spin density. S2C relies on spin-orbit interaction,
which makes the motion of electrons spin-dependent. An
important example is the inverse spin Hall effect, which
transforms a spin current into a perpendicularly oriented
charge current [121]. As with any optically driven terahertz
emitters, STEs transform a driving femtosecond laser
pulse into an ultrafast charge-current burst that acts as a
source of an electromagnetic pulse. A typical STE [56]
consists of nonmagnetic (NM) and ferromagnetic (FM)
metallic layers that are just a few nanometers thick
(Figure 12a and b). The FM layer has an in-plane magne-
tizationM and ismade of Fe, Co or Ni or alloys thereof. The
NM layer is usually made of a heavy metal with large in-
verse spin Hall effect, for instance Pt or W. Illumination of

Figure 11: (a) Schematic of the bias-free terahertz emitter based on plasmon-coupled surface states. (b) Photograph, microscopy, and scanning
electron microscopy images of a fabricated emitter prototype. (c) Measured terahertz radiation power (in blue) and noise (in red) spectra
generated from the fiber-coupled emitter. (d) Measured terahertz pulse energy/power from the fabricated emitter as a function of the optical
pulse energy/power (inset) in comparison with other passive optical-to-terahertz converters reported in the literature. Adapted from [97].
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the FM|NM stack with a femtosecond laser pulse triggers
terahertz spin transport from the FM layer into the NM
layer. The resulting out-of-plane spin current js is con-
verted into an ultrashort in-plane charge current jc, pre-
dominantly by the inverse spin Hall effect in the NM layer.
This emerging charge-current burst emits electric-dipole
radiation with frequencies extending into and beyond the
terahertz range.

Figure 12c shows a typical terahertz waveform and its
spectrum as obtained from a W(2 nm)|CoFeB(1.8 nm)|
Pt(2 nm) trilayer STE with laser pulses (duration 10 fs,
center wavelength 800 nm, pulse energy ∼ 1 nJ, repetition

rate 80 MHz) from a Ti:sapphire oscillator. As compiled in
the following, the STE concept offers unique features that
make this class of terahertz emitters very promising for
applications in the field of terahertz photonics:
(1) Ultra-broadband operation in the range from ∼1 to

30 THz without spectral gaps [56].
(2) Optical-to-terahertz conversion efficiencies

exceeding those of standard nonlinear terahertz
emitters such as GaP or ZnTe (Figure 12c) [56].

(3) Independence of the pump-pulse wavelength and
polarization (Figure 12b) making STEs suitable for
excitation with low-cost fiber laser-systems [122, 123].

Figure 12: (a) Schematic of a spintronic terahertz emitter (STE). A femtosecond pump pulse drives terahertz spin transport from the
ferromagnetic (FM) into the nonmagnetic (NM)metallic layer. The spin polarization of the resulting out-of-plane spin current js is determined by
the in-plane samplemagnetizationM, which is set by the externalmagneticfieldBext. Spin-to-charge-current conversion (S2C), predominantlyby
the inverse spin Hall effect, converts into an in-plane charge current jc, which emits a terahertz pulse with transient electric field E. (b) Terahertz
signal symmetries. Impact of opposite sample magnetizations (left panel) and of the pump polarization (right panel, red symbols) and the in-
plane samplemagnetization orientation on the emitted terahertz-pulse polarization (black symbols). (c) Typical terahertz signal waveforms and
their spectra as obtained from an STE and a conventional ZnTe terahertz emitter under identical conditions. The waveforms were detected by
electrooptic sampling ina 70µm thick sensormadeof Lemke/amorphouspolycarbonate. Reprinted (adapted) by permission from [56]. Copyright
(2016) by Springer Nature.
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(4) Excellent long-term stability.
(5) Linearly polarized terahertz output (Figure 12b),

whose polarization plane can be easily set by an
external magnetic field at rates of 10 kHz and above
[117].

(6) Capability of realizingmore complex spatial terahertz
polarization patterns by tuning the magnetization
landscape inside STEs [124].

(7) Collinear pump and terahertz beam propagation as
well as inheritance of any pump beam characteristics
such as divergence and beam profile.

(8) Possibility of material growth on large-scale, curved
and/or flexible substrates by well-established thin-
film fabrication techniques [125]. Using upscaling,
large terahertz peak field strengths of 300 kV/cm
were demonstrated [126].

(9) Straightforward microstructuring of the thin metal
films, enabling photonic tuning of the pump-
absorption and terahertz-emission characteristics of
STEs [127, 128].

(10) Enabling a promising near-field imaging approach
with a spatial resolution that is only limited by the
spatial resolution of the pump (rather than by the
terahertz wavelength) [129].

In more detail, the terahertz emission process indicated by
Figure 12a can be divided into 4 steps [130]: (i) pump-light
absorption, (ii) spin-current generation and injection into
the NM layer, (iii) S2C by the inverse spin Hall effect and
(iv) electromagnetic-wave emission of the resulting charge
current into the far-field. For the NM and FM layer film
thicknesses much smaller than the terahertz attenuation
length and the terahertz wavelength, the terahertz electric
field directly behind the STE (i.e. in air) can be calculated
in the frequency domain by a generalized Ohm’s law [56]:

E(ω) = eZ(ω) ∫ γ(z,ω)js(z,ω)dz. (18)

Here, js(z,ω) is the spin-current density (dimension elec-
trons/m2 s) as a function of spatial position z (along the
surface normal) and frequency ω/2π. It captures steps
(i) and (ii). S2C results in the charge-current density
γ(z,ω)js(z,ω), capturing step (iii), and its local strength is
quantifiedby γ(z,ω).WhenS2C isdominatedby the inverse
spin Hall effect, γ is called spin Hall angle and approxi-
mately constant between 1 and40THz [131]. Finally,Z(ω) is
the STE impedance and quantifies step (iv), the current-to-
electric-field conversion. It is given by [56]

Z(ω) = Z0

n1(ω) + n2(ω) + Z0G(ω), (19)

with the free-space impedance Z0 ≈ 377 Ω, the refractive
indices n1(ω) ≈ 1 and n2(ω) of air and the substrate,

respectively, and the terahertz sheet conductance G(ω) of
the metal stack.

We note that the previous consideration refers to
stack-like STEs with in-plane homogeneity (Figure 12a). It
is still approximately valid for pump-spot diameters
smaller than the terahertz vacuumwavelength λ = 2πc/ω,
where c is the vacuum speed of light [131]. For more
complicated geometries, for example, sub-λ-sized STEs
combined with antenna structures, a more elaborate
modeling of the emission process (iii) is required [128].

The STE model summarized by Eqs. (18) and (19) shows
that the spintronic terahertz-pulse-generationperformance is
strongly material-dependent. More specifically, the material
parameters that determine the terahertz-emission strength

are n1(ω), n2(ω), γ(ω) andG(ω) = ∫dFM+dNM
0

σ(z,ω)dz, that
is, the metal film thicknesses dFM and dNM as well as their
respective conductivity σ. The factor js(z,ω) depends on the
efficiency of the spin current generation upon deposition of
pump-pulse energy, on the spin-current relaxation length
λNM inside the NMmaterial and on the FM/NM interface spin
transmissivity. Accordingly, a manifold of recent studies
aimed at maximizing the STE performance by tuning one of
these parameters.
(1) Optimization of FM and NM: It turned out that in terms

of S2C efficiency, the spin-Hall materials Pt and W are
the best choice for NM (Figure 13a) [56, 125]. On the FM
side, Fe, Co, Ni and their alloys were studied. As of
now, Co40Fe40B20 alloys show the best performance as
the STE’s FM material (Figure 13b) [56]. Yet, it should
be noted that, for both, the NM or the FM material, a
large variety of different materials were tested. For the
S2C material, these materials cover topological in-
sulators [132], transition-metal dichalcogenides [133],
antiferromagnetic metals [134, 135] or inverse Rashba–
Edelstein systems such as Bi/Ag interfaces [136, 137].
For the FM layer, also more complex magnetic mate-
rials beyond simple 3d ferromagnets and their alloys
were studied, for instance ferrimagnets [138] and
magnetic insulators [139, 140].

(2) Thickness optimization: according to Eqs. (18) and
(19), the NM and FM layer thicknesses should be
optimized with respect to Z(ω) and the optical exci-
tation density that determines the magnitude of js.
Importantly, as typical values of λNM are found to be in
the range of a few nanometers only for NM materials
with a large S2C efficiency, js is localized on a similar
length scale around the FM/NM interface. Thus, the
optimal thicknesses for the FM and NM layers are
found in the range between 2 and 5 nm (Figure 13c) [56,
125, 127, 130, 141, 142]: they maximize Z(ω) and are
still thick enough to prevent sizeable spin-current
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back-reflections at the STE/substrate or STE/air in-
terfaces and, thus, reduction of js.

(3) Nano- and microstructuring: STEs are made of thin
metal films and, thus, perfectly suited for nano- and
microstructuring approaches. Accordingly, trilayer
STEs of the form NM1|FM|NM2 were found to boost the
STE efficiency by a factor of almost two. The reason for
this increased performance is that both the forward-
and backward-travelling spin currents can contribute
to the terahertz emission, in contrast to the simple
bilayer STE. The best STE performancewas reported for
trilayers W|Co40Fe40B20|Pt that can compete with con-
ventional nonlinear optical terahertz emitters such as
ZnTe andGaP in terms of terahertz amplitude yetwith a
drastically enhanced terahertz bandwidth [56]. Micro-
structuring in the plane of the STE allows one to
incorporate terahertz antenna designs that were
demonstrated to enhance the emitter performance in
certain spectral ranges [127, 128, 143].

3.3.2 Applications of spintronic terahertz emitters

In the following, we briefly summarize the most repre-
sentative applications of STEs. STEs are an ideal source to
cover the entire range between 1 and 30 THz within a

single experiment. Accordingly, STEs were successfully
applied for broadband linear terahertz transmission
spectroscopy of dielectrics such as Teflon tape [56],
several perovskites [144, 145], quartz [146] andwater [147].
They were also used to probe the terahertz conductivity
and the S2C conversion efficiency in ferrimagnetic metals
[131] and the terahertz anisotropic magnetoresistance of
ferromagnetic metals [148]. Spatial and temporal modu-
lation of the external magnetic field was shown to allow
for generating doughnut-type terahertz beams [124], tun-
ing the helicity of the terahertz radiation [149–151], 10-kHz
modulation of the terahertz field orientation [117], or the
change of the terahertz beam divergence by the growth on
flexible substrates [125]. Near-field imaging approaches
promise deep-subwavelength spatial resolution and are
easily realized within the STE concept. In this way, a
spatial resolution of 6.5 μm was demonstrated, which is
about 50 times smaller than the wavelength at 1 THz [129].
Related approaches succeeded in sensing cancer cells on
the STE surface [152] or used the STE as a local probe of
static magnetic fields with millitesla and submillimeter
resolution [153]. Nonlinear terahertz spectroscopy with
the STEwas enabled by large-scale terahertz emitters [126]
with peak electric fields of 300 kV/cm. Finally, the com-
bination of the STE with a scanning tunneling microscope

(a) (b)

(c)

Figure 13: (a) NMmaterial variation. Dependence of the terahertz emission amplitude fromCo20Fe60B20|NMbilayers on the NMmaterial (red bars),
alongwith the calculated values of the spin-Hall conductivity (blue bars). (b) FMmaterial variation. Dependence of the terahertz emission amplitude
from spintronic bilayers on the FM material. Reprinted (adapted) by permission from [56]. Copyright (2016) by Springer Nature. (c) Thickness
dependence. Terahertz-emission amplitude for varying NM (left) and FM (right) thicknesses for FM/NM and reversely grown bilayers. Reprinted
(adapted) by permission from [136]. Copyright (2018) by American Physical Society.
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[154] enabled atomic spatial and femtosecond temporal
resolution to probe emerging phenomena at the
nanoscale.

The spintronic principles behind STEs allow for a
rapid implementation of novel material classes into this
terahertz emitter class. Examples include semiconductors
that feature outstandingly large values of λNM [155], to-
pological materials that may boost S2C efficiencies by
interface engineering [132] as well as two-dimensional
materials such as transition-metal dichalcogenides that
would enable novel S2C phenomena such as the valley
Hall effect [156]. Eventually, antiferromagnetic materials
promise intrinsic terahertz dynamics [157], which might
allow one to engineer tunable narrow-band STEs in the
future [158]. These and other improvements of STEs
including photonic engineering [47, 159] or interface
tailoring [160] along with the recent commercial avail-
ability of STEs (TeraSpinTec GmbH) point toward prom-
ising upcoming developments in the field of spintronic
terahertz photonics. On a short-term basis, open directions
in the field include enhancing the STE efficiency to reach
the performance of photoconductive antennas at terahertz
frequencies below 3 THz, demonstrating a CW operation
and full implementation of STEs into on-chip designs [161].
Last but not least, realizing a spintronic terahertz detector,
yet being elusive, would complement the ultrabroadband
spintronic terahertz-spectroscopy toolbox.

In summary, spintronic terahertz photomixers
– Enable ultra-broadband terahertz radiation (1–

40 THz) with optical-to-terahertz conversion effi-
ciencies exceeding conventional nonlinear optical
terahertz emitters.

– Operate independently of the incident optical wave-
length and polarization, while the emitted terahertz
polarization can be easily controlled by an external
magnetic field.

– Are easy to fabricate using mature thin-film growth
techniques, allowing straightforward micro-
structuring to optimize optical absorption and/or ter-
ahertz emission characteristics.

– Have yet to provide terahertz power levels below 3 THz
that are comparable to state-of-the-art photoconduc-
tive emitters under the same optical pump power.

– Have yet to enable CW terahertz generation and CW/
pulsed terahertz detection.

3.4 Photoconductors and photomixers
based on low-dimensional
nanomaterials

Many low-dimensional nanomaterials provide unique
properties that can be utilized for terahertz applications. In

particular, graphene’s broadband optical absorption, high
carrier mobility (up to 70,000 cm2/V/s under room tem-
perature [162]), as well as ultrafast hot carrier dynamics
[163] have been of great interest, enabling the realization of
terahertz emitters and detectors [57, 164–167]. Moreover,
many low-dimensional nanomaterials, such as graphene
and nanowires, are easily transferrable to other semi-
conductor substrates, facilitating their integration with
other optical and electronic systems.

Low dimensional nanomaterials have been used as
nanoelectrodes to boost the performance of conventional
photoconductive antennas. In ref. [168], the authors uti-
lized silver nanowires as electrodes to provide high cur-
rent handling capability and considerably reduced
electrode capacitance for an LT-GaAs photoconductive
antenna, as a substitute for the usual finger structure used
for CW operation. Further incorporation of n+ single layer
graphene flakes deposited randomly on the photocon-
ductive material enhanced the optical pump absorption
due to plasmonic effects. Overall, a 7-fold increase in the
photocurrent and a 2-fold increase in the radiated ter-
ahertz power were obtained compared to a reference
photoconductive antenna from the same material with
finger electrodes.

Using low dimensional nanomaterials as the active
photoconductive layer is an alternative design approach to
exploit their unique optical and transport properties. In a
recent work, single-layer graphene and ultrathin graphite
were optically gated to sample an incoming terahertz
field, resulting in more than 2 THz detection bandwidth
(Figure 14a) [166]. With much higher optical pump ab-
sorption, the ultrathin-graphite-based detector provided
higher sensitivity compared to the single-layer graphene
detector. Importantly, the ultrathin graphite films were
realized by a transfer-free direct deposition process, which
brings about much better scalability. In addition to free
space terahertz devices, guided-wave graphene-based
terahertz spectroscopic systems have also been realized in
order to achieve stronger terahertz field confinement. In
[167], on-chip terahertz generation and detection through
Goubau transmission lines were demonstrated. Thanks to
the ultrafast dynamics of the photogenerated hot carriers,
the graphene terahertz detector is shown to offer a similar
performance compared to an LT-GaAs-based terahertz
detector, both with ∼0.6 THz bandwidth as shown in
Figure 14b. The bandwidth limitation is attributed to the
dispersion of the on-chip transmission lines that broadens
the detected terahertz pulses.

Similar to graphene, black phosphorus is another two-
dimensional material that has been intensively studied for
terahertz emission and detection [169–171]. A coherent
photoconductive detector based on exfoliated multilayer

2682 P.-K. Lu et al.: Ultrafast carrier dynamics in terahertz photoconductors and photomixers



black phosphorus has been demonstrated with a usable
bandwidth up to 0.2 THz and a peak dynamic range of
40 dB in conjunction with a GaAs-based photoconductive
emitter [171].

Semiconductor nanowires have also been utilized
to realize terahertz detectors. Similar to bulk III–V
semiconductors, most III–V semiconductor nanowires
possess a direct bandgap [172] and high carrier mobility
[173–175]. Moreover, due to nanometer scale of their
width, they offer very high dark resistivity and high
spatial resolution for terahertz detection [59, 176]. The
first demonstration of a single nanowire terahertz de-
tector in a time-domain spectroscopy system incorpo-
rated GaAs/AlGaAs core–shell nanowires and provided
up to a 0.6 THz detection bandwidth as shown in
Figure 15a, where the bandwidth limitation originated
from the detector design rather than the nanowire
response [59]. A later work developed a terahertz de-
tector using InP nanowires with high crystal quality
[176]. Combined with an optimized antenna geometry,

the detector offered a usable detection bandwidth of
2 THz (Figure 15b). It is important to note that the
detection bandwidth is not limited by the long carrier
lifetime of the nanowire (1.71 ns) since the incoming
terahertz electric field can still be recovered knowing
that the detector acts as an electric field integrator with
an optically-gated ultrafast switch-on transition. Further
improvement of the device was achieved by engineering
the axial doping profile of the nanowire, leading to a
significantly reduced contact resistance and a 2.5-fold
increase in the signal-to-noise ratio [177]. As shown in
Figure 15c, the high integrability of nanowire terahertz
detectors was recently demonstrated with a monolithic
three-dimensional cross-nanowire network that was able
to sample the orthogonal components of the terahertz
electric field simultaneously [178]. Using two pairs of
electrically isolated perpendicular InP nanowires, the
complete polarization state of an incoming terahertz
radiation was accurately determined within a single time-
domain scan with little cross-talk. These demonstrations

Figure 14: (a) Schematic of the graphitic photoconductive terahertz detector (left), the measured time-domain electric field (middle), and the
amplitude spectra (right) from the graphitic detector (in red) as compared to the reference data measured by conventional electro-optic
sampling (in blue). The dashed black line indicates the noise level of the graphitic detector measurement. Reprinted (adapted) by permission
from [166]. Copyright (2019) by American Chemical Society. (b) Schematic of the guided-wave graphene photoconductive terahertz detector
(left) and the measured terahertz power spectra (right) at the transmission line input by LT-GaAs (black squares), at the transmission line
output by graphene (red circles), and at the transmission line output by LT-GaAs (green triangles). The dashed red line indicates the noise
level. Adapted from [167].
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show the great potentials of cross-nanowire detectors for
advancing terahertz ellipsometry, anisotropic spectros-
copy, as well as polarization-resolved spectral imaging.

In summary, low-dimensional nanomaterials
– Enable high carrier mobility and/or ultrafast relaxa-

tion dynamics that facilitate both terahertz generation
and detection.

– Are easily transferrable to a wide range of substrates,
allowing integration with other optical and electronic
systems.

– Are so far limited in operation bandwidth, emission
power, and detection sensitivity due to their low
quantum efficiency.

4 Conclusion and outlook

In this review, we provided a thorough overview of various
photonics-driven physical mechanisms that give rise to ul-
trafast carrier dynamics to be utilized for terahertz genera-
tion and detection without relying on conventional defect-
introduced short-carrier-lifetime semiconductors. While
quite a few excellent results have been achieved by using

conventional short-carrier-lifetime semiconductors, the
high defect concentrations intentionally incorporated in the
active photo-absorbing material lead to lower carrier
mobility and substantial degradation of photoconductive
gain due to a large number of photocarriers being scattered,
trapped and recombined. Additionally, many realizations of
short-carrier-lifetime materials have limited accessibility
due to the need for non-standard processes, as well as rare
elements as defect-introducing dopants. Therefore, alter-
native approaches to realize terahertz emitters anddetectors
have attracted increasing attention, where this review has
covered the most representative categories, including car-
rier transit time reduction in UTC-PD structures, plasmonic
enhancement and confinement of optical generation, spin-
to-charge current conversion, as well as fast relaxation and
low-noise sensing in low-dimensional materials. The state-
of-the-art device performance based on each mechanism is
discussed and summarized, with an emphasis on the key
physical processes that enable terahertz generation and
detection, as well as how they differ from conventional
defect-introduced short-carrier-lifetime semiconductors.
Specifically, the use of UTC-PDs and plasmonic nano-
structures provide high photoconductive gain and efficient

Figure 15: (a) Schematic and scanning electron microscopy image of the GaAs/AlGaAs core–shell nanowire detector, as well as the
experimentally measured terahertz induced photocurrent (top middle), extracted time-domain electric field (top right), and amplitude
spectrum (bottom right). Adapted from [59]. (b) Extracted time-domain electric field and amplitude spectra of InP nanowire detectors based on
a strip-line antenna (blue) and a bowtie antenna (green). Adapted from [176]. (c) Schematic of the cross-nanowire detector (top) and the
measured induced photocurrents as well as extracted electric field under different incident linear terahertz polarization. Red and blue colors
indicate the response from the horizontal and vertical detection channels, respectively. Reprinted (adapted) by permission from [178].
Copyright (2020) by American Association for the Advancement of Science.
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utilization of photocarriers, leading to record-high terahertz
power levels in CW and pulsed operation. On the other
hand, spintronic materials and low-dimensional nano-
materials provide major advantages for terahertz operation
due to their unique properties that are not attainable in bulk
semiconductors. In particular, thanks to the ultrafast spin
dynamics, spintronic emitters feature ultra-broadband ra-
diation (1–40 THz) without spectral gaps, with optical-to-
terahertz conversion efficiencies exceeding conventional
nonlinear optical terahertz emitters. As for low-dimensional
nanomaterials, their high carrier mobility and/or ultrafast
carrier relaxation dynamics have enabled the implementa-
tion of various emitters and detectors operating in the lower
end of the terahertz spectrum.

Further investigation and improvement of these design
approaches will continue revealing more potentials. For
example, so far UTC-PDs and spintronic devices have been
exclusively used for CW and pulsed terahertz generation,
respectively. The lack of terahertz detection capability could
limit their use for certain applications that require mono-
lithic integration of emitters and detectors on the same chip.
In this regard, plasmonic-enhanced devices offer great
flexibility to be used for both CW/pulsed terahertz genera-
tion and detection. However, while UTC-PDs and spintronic
devices can be manufactured with standard and less
demanding processes, fabrication of plasmonic-enhanced
devices relies on sophisticated nanofabrication techniques
(e.g., electron beam lithography) due to their submicron
feature sizes. This requirement increases their fabrication
cost and lowers their fabrication throughput, unless cheaper
and more scalable alternative nano-manufacturing tech-
niques become mature and widely available. Lastly, while
the relatively low optical absorption in low-dimensional
nanomaterials has so far limited their use for high-
performance terahertz emission and detection, new in-
novations on enhanced light–matter interaction are ex-
pected to gradually alleviate this limitation. It is highly
anticipated that all of the design approaches covered in this
reviewwill continue to be further developed and optimized,
hence extending the scope and widespread usage of ter-
ahertz technology to many practical applications.
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