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Abstract. The observation of terahertz electromagnetic di- 
pole radiation from quantum well structures has finally 
proven the existence of charge oscillations in semiconductors 
associated with wave packet dynamics. This article closely 
examines the physics behind the emission of terahertz elec- 
tromagnetic radiation from excitonic charge oscillations in 
such quantum well structures, points out similarities and dif- 
ferences between the various generation schemes, and dis- 
cusses the various relaxation mechanisms involved. Finally, 
we show how both amplitude and phase of charge oscilla- 
tions and the corresponding terahertz emission can be ma- 
nipulated using phase-locked optical pulses. 

PACS" 71.35.÷z, 42.50.Md, 42.65.Re, 84.40.-x 

Within the last few years, the generation and detection of 
terahertz bandwidth electromagnetic transients from a va- 
riety of materials has been reported and spurred both the 
understanding of the physical mechanisms involved in their 
generation as well as their application to time-domain spec- 
troscopy. Two rather distinct mechanisms have been utilized 
for the generation of such transients: (i) optical rectification 
in electro-optic crystals like LiTaO3, [1] and (ii), photocon- 
ductive switches integrated in dipole antenna structures that 
use current surges in photoconductive switches to radiate 
into free space. [2, 3] More recently, terahertz radiation has 
been reported from both biased [4] and unbiased semicon- 
ductor surfaces in bulk semiconductor wafers [5] as well 
as from strained layer heterostructures [6] and even organic 
electro-optic crystals [7]. 

Concurrently to these developments, wave-packet dy- 
namics in semiconductor quantum wells has been stud- 
ied recently, mainly using Degenerate Four-Wave Mixing 
(DFWM) with ultrashort laser pulses. [8-11] When the wave 
packets are charged, the motion of the wave packet should 
give rise to a time-dependent dipole moment and conse- 
quently emission of electromagnetic dipole radiation. One 
of the oldest proposals for wave packet dynamics in semi- 
conductors goes back to F. Bloch in the late 1920s, whose 

work led to the postulation that due to the periodic Brillouin 
zone, an electron wave-packet would undergo spatially pe- 
riodic oscillations when a field is applied [12, 13] This pro- 
posal was extended to Stark ladders in superlattices by Esaki 
and Tsu [14], who also pointed out that such spatial charge 
oscillations might be utilized to generate very high frequency 
radiation. 

Recently, emission of electromagnetic terahertz radiation 
has finally been observed in quantum well structures. In this 
article, we review the generation of terahertz radiation from 
wave-packet motion in such structures. These experiments 
demonstrate that charge oscillations do indeed exist in semi- 
conductor structures. After a discussion of the experimen- 
tal technology, we will describe terahertz generation from 
charge oscillations in a coupled quantum well as well as 
from a single quantum-well structure and illustrate the dif- 
ferences and commonalities in the generation processes. Fur- 
ther, we will discuss dissipation processes and the energy 
conservation in the terahertz generation from these systems, 
both of which have not been addressed previously. Finally, 
we show how both phase and amplitude of charge oscilla- 
tions can be manipulated and controlled using phase-locked 
optical pulses. 

1 Experiment 

Terahertz radiation from semiconductor surfaces and quan- 
tum wells is observed when the semiconductor wafer is illu- 
minated by an optical beam from a femtosecond pulsed laser 
(Fig. 1) [5]. The direction of emission of terahertz radiation 
is collinear with the direction of the reflected optical light 
beam and follows the generalized Fresnel equations for re- 
flection and refraction of light beams of different frequencies 
[15]. Terahertz radiation is also emitted into the wafer sub- 
strate[5], although this radiation is usually not detected in our 
experiments. In the experiments described below, the fem- 
tosecond laser source is an argon-ion laser pumped, 80 fs du- 
ration, 15 nJ, mode-locked Ti: Sapphire laser, tunable around 
800 nm. This beam is split into a strong pump and a weaker 
probe beam, with the pump beam being slightly collimated 
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Fig. 1. Generation of terahertz radiation from semiconductor quantum 
wells 

of off-axis paraboloids before it is collected by the silicon 
hyperhemispherical substrate lens attached to the back of the 
photoconductive dipole receiver. In all of the experiments 
described, the sample is mounted in a continuous-flow 
liquid Helium cryostat and the sample is cooled down 
to roughly 10K. On the side of the cryostat where the 
terahertz radiation emerges, we use a high-resistivity silicon 
window which is highly transparent throughout the far- 
infrared spectral range [17]. 

2 Terahertz Emission from Charge Oscillations 

onto the sample to create a sheet carrier density of roughly 
109-10 m cm -2. The probe beam (~20  mW) is used to gate 
a 50 gin photoconductive dipole antenna [2] equipped with 
a hyperhemispherical 10 kf~ cm resistivity silicon substrate 
lens. These photoconductive dipole antennas directly mea- 
sure the field E(~) of the terahertz radiation with a 3 dB 
bandwidth of 2 THz, so that both amplitude and phase of 
the terahertz emission are detected. The detection limit of 
this technique is roughly a few tens of fA of average pho- 
tocurrent, which corresponds to electric fields at the antenna 
dipole of a few gV [16]. 

When a field is applied perpendicular to the surface of 
the semiconductor (as in the case when there is a surface 
depletion field or in a Schottky or p-i-n diode structure), 
the photo-induced dipole moment or current is directed 
perpendicular to the surface of the semiconductor wafer 
(see Fig. 1). Hence, for electromagnetic dipole radiation, the 
Hertzian sin 2 0 dipole radiation pattern has a node at normal 
incidence, and radiation can only be observed away from 
the surface normal. Thus, in our particular setup, the sample 
is illuminated at a 45 ° angle of incidence. 

The overall experimental arrangement is schematically 
shown in Fig. 2. The terahertz radiation emerges from the 
semiconductor wafer with a diffraction-limited beam. Even 
for large spots on the order of 2 mm diameter, the diffraction 
limited divergence of this beam can be on the order of 30 ° 
because of the long wavelength of the terahertz radiation 
(300 gm for 1 THz in free space) [4]. The radiation emerging 
from the sample is then collimated and focused by a pair 
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Fig. 2. Schematic of experimental setup to collect, collimate, and detect 
terahertz radiation emitted from quantum-well structures 

Wave-packet dynamics in atoms, molecules and solids has 
long been a field that has attracted enormous interest be- 
cause of the dynamical aspects as well as the semiclassical 
and quantum mechanical pictures involved in these mea- 
surements [18]. Wave-packet dynamics heavily relies on the 
coherence of the excited quantum states, and the dynam- 
ics can only be observed as long as the phase coherence 
of these states is preserved. In atoms, the phase relaxation 
times are usually on the order of hundreds of picosecond to 
nanoseconds, so that wave-packet dynamics in atoms can be 
observed quite readily. For instance, wave-packet dynam- 
ics of Rydberg states in atoms has been observed [19, 20]. 
In semiconductors, these experiments are much more diffi- 
cult, as the phase coherence times of free carriers are on the 
order of 100 fs or even less [21]. On the other hand, exci- 
tons in semiconductor quantum wells are much more robust 
to dephasing and can have coherence times on the order 
of several picoseconds even when an electric field is applied 
[21, 22]. Because of that virtue and the dramatic advances in 
semiconductor structure growth quality and the simultaneous 
advances of femtosecond laser sources in the near-infrared, 
wave-packet dynamics in semiconductor heterostructures has 
been observed recently by pump-probe measurements and 
DFWM [8, 9]. Wave-packet dynamics becomes particularly 
interesting when the wave packets are charged. Then, the 
motion of charges is accompanied by dipole radiation, and 
hence, these oscillations should be of technological interest 
for the generation of very high frequency radiation. In fact, 
motivated by the early work of Bloch and Zener [12, 13], 
Esaki and Tsu suggested the dynamics of an electron wave 
packet in a periodic semiconductor superlattice as a source 
of electro-magnetic radiation [14]. As it turns out, charge 
oscillations and their accompanying emission of coherent 
electro-magnetic radiation can be observed in systems that 
are much simpler than superlattices, and in the following 
sections, we discuss the emission of terahertz radiation from 
such quantum-wells-systems before briefly discussing the su- 
perlattice case. 

2.1 The Asymmetric Coupled Quantum Well 

The first example is the asymmetric Coupled Quantum Well 
(CQW) schematically shown in Fig. 3. [8, 23, 24] In this 
structure, two quantum wells are separated by a thin barrier. 
If the barrier is thin enough, the wave function can extend 
over both wells, and there will be two new eigenstates of the 
system, corresponding to the symmetric and antisymmetric 
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Fig. 3. a Band structure of the asymmetric Coupled Quantum Well 
(CQW); b Spatial oscillation of a wave packet prepared in the Wide 
Well (WW) as it tunnels back and forth between both wells 

superposition of the single well states. Because the two wells 
have different well widt]h, the bound states in the quantum 
wells will have different energies, and in particular, the 
interband transition in tfie Wide Well (WW) will occur at 
lower energies u 1 than the corresponding one in the Narrow 
Well (NW in Fig. 3a). Using a femtosecond optical pulse 
with a spectral width that is larger than the energy splitting 
of the two eigenstates allows us to prepare an electronic 
wave packet exclusively in only one of the wells. This wave 
packet will be a superposition of the two eigenstates of the 
system (Fig. 3b). While the hole in the valence band remains 
localized in one of the wells, the electron will oscillate back 
and forth between the two wells with a period corresponding 
to the inverse of the splitting frequency B E = E  E+ 
between the two eigenstates of the coupled well. This will 
go on for as lcmg as the coherence of the wave packet is 
preserved. 

Because of the coherent tunneling of the electron back 
and forth between the two wells, there will be a time- 
dependent dipole moment P(t)=~ez(O, where r~ is the 
number of electrons, e the electronic charge, and z(t) the 
time-dependent displacement between the electron and hole 
wave functions. This time-dependent polarization P(t) will 
emit dipole radiation with an emitted electric held E(~) 
02 p / ot 2. 

In our particular structure, the coupled quantum-well 
structure consists of ten periods of a 145 A thick wide 
well and a 100 A thick narrow well, separated by a 25 A 
thick A10.2Ga0.sAs barrier. The double wells are isolated 
from each other by 200A thick A10.aGa08As barriers. 
The structure, sandwiched between 3500 A thick undoped 
A10.2Ga0.sAs buffers, is grown on a silicon-doped substrate 
and an electric field can be applied between the substrate 
and a semitransparent 50 A chromium contact. 

Because we optically excite excitons rather than free par- 
ticles, we have to include the Coulomb interaction between 
the delocalized electron and the localized hole to obtain the 
correct eigenstates of the system as well as the electric field 
at which the maximum tunneling probability occurs, i.e., 
when the levels in both wells are energetically aligned. [8, 
24-26]. This leads to two different fields at which such en- 
ergetic alignment occurs depending on whether the optical 
transitions originate in the wide or the narrow well. Fig- 
ure 4 shows an example of the terahertz radiation emitted 
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Fig. 4. Terahertz emission obsmwed from the CQW at an excitation 
wavelength of 810 nm and an electric field of 10.5 kV/cm 
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Fig. 5. Terahertz waveforms at different bias fields. The excitation 
wavelength is 807 nm and the excitation bandwidth 4 nm 

from this sample at a field of 10.5 kV/cm, the calculated 
field at which the alignment of the excitonic levels in the 
wide well occurs [24]. The laser wavelength is 810 nm and 
the excitation bandwidth 7 nm in this example. Roughly ten 
oscillation periods can be observed at 1.5 THz before the 
oscillating wave packet loses its coherence. This happens 
with a time constant of a few picoseconds, which confirms 
that it is excitons that undergo spatial oscillations, not free 
carriers. 

Terahertz charge oscillations can be observed over a 
range of fields. Figure 5 shows the terahertz radiation emitted 
fi'om the CQW system for various electric fields in the 
sample. The excitation wavelength in this case is 807 nm. 
The 100fs pulses are sent through a spectral filter to 
reduce the spectral bandwidth to Au==4nm. The longest 
oscillations and largest oscillation period are again observed 
at an electric field of 10.5 kV/cm. For higher or lower fields, 
the oscillations dampen out much faster and also become 
weaker. For free particles, the oscillation period should vary 
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quadratically around the resonance field according to: 

El, 2 = ½[Eww + ENW -- ~/ (EWW- ENW)2 + 4V02] , (1) 

where Eww , ENw are the energies of the electron eigenstates 
in the wide and narrow well in the absence of coupling (i.e., 
infinite barrier height), and V 0 is the coupling energy. Equa- 
tion (1) describes an anti-crossing behavior, and when the 
two isolated well levels are energetically aligned, the split- 
ting is E 2 - E  1 = 2V 0 . When excitonic effects are included, 
[24, 26] this splitting is calculated to be 5 meV. In the experi- 
ment, we observe oscillations of 1.5 THz, which corresponds 
to an energy of 6 meV. Also, the dependence of the oscil- 
lation frequency on the electric field is not quite as strong 
as predicted in the simple model. Many-body effects might 
explain some of these deviations, and theoretical models that 
include these effects at least predict a higher oscillation fre- 
quency [271. 

In addition to the oscillatory part of the terahertz signal, 
there is usually a short single cycle transient superimposed 
at t =0 .  This terahertz signal is proportional to the internal 
electric field and results from the excitons already created 
in a polarized state when a dc field is present. [24, 28, 29] 
This signal is dependent on the bandwidth of the laser pulse 
and has both excitonic contributions as well as contributions 
from the excitation of 2D-continuum states. These different 
contributions are currently being investigated and will be 
published in a future article. 

2.2 Optical Bloch Equations 

The above semiclassical picture gives a good intuitive pic- 
ture that terahertz emission will occur when there is real 
motion of charge associated with the wave-packet dynam- 
ics. However, we have to provide a solid quantum mechan- 
ical foundation if we want to understand the emission of 
terahertz radiation in more complicated situations, like the 
emission from light-hole heavy-hole beats discussed below. 
We can do this by realizing that the eigenstates of the CQW, 
namely the localized hole wave function and the two delocal- 
ized electron eigenstates in the conduction band, constitute a 
three-level system (Fig. 6). Using a density-matrix approach, 
we can write down the optical equations of motion for the 
three level system in the rotating-wave and slowly-varying- 
envelope approximations. Terahertz radiation results from 
the induced far-infrared polarization P(t)  in the direction z 

12> 
I1> 

#13 'Lt23 

13> 
Fig. 6. Three-level system illustrating the various transitions involved 
in the generation of terahertz radiation 

M.C. Nuss et al. 

perpendicular to the wells, with [30] 

k 

Jr- (Z33 --  Z22)~022(~) --  2Z12 Re {012(t)}], (2) 

where zij =(ilz[j ) are the transition dipole moments be- 
tween the three levels i and j ,  ~ij (t) are the density matrix 
elements, e the electron charge, V the excitation volume, and 
a summation over all k-vectors has been performed. We note 
that the polarization P(t) can still contain all orders of the 
optical electrical field, not only the second order term p(2). 
From the polarization P(t), we can calculate the emitted 
terahertz field from E(~) c< OzP/Ot 2. The terms in (2) that 
contain diagonal components of the density matrix are only 
time dependent for the duration of the optical pulse. These 
contribute to the instantaneous terahertz radiation resulting 
from the creation of polarized electron-hole pairs. [28, 29] 
The polarization that is responsible for charge oscillations is 
proportional to the coherence ~2: 

p ( t ) -  21el 
V ~ z12 Re{~12(t)} " (3) 

k 

It is apparent from (3) that we will only observe electromag- 
netic radiation from the three-level system if the transition 
dipole moment #i2 = ezl2 between the two levels/1) and 12) 
is nonzero. Obviously, in order to excite these two levels, 
also both the transition dipole moments #~3, #23 between 
the ground state and these two levels have to be allowed 
at the same time. This now gives us the condition under 
which terahertz emission from a three-level system can be 
observed: If only the transitions from the ground state to the 
excited states I1} and 12) are allowed, we will observe quan- 
tum beats (e.g., in DFWM), but no terahertz radiation. If in 
addition, #12 is nonzero, we will also be able to observe 
terahertz radiation. Hence, quantum beats are a necessary, 
but not sufficient condition for the observation of terahertz 
emission. 

We can also make a statement on the dependence of tera- 
hertz emission on the symmetry of the system. If we assume 
that the 3-level system has a defined parity (odd or even), in 
order for #13 and #23 to be nonzero, [1} and 12} have to have 
the same parity as the ground state 13). Note that the inter- 
band dipole moments are proportional to the overlap func- 
tions, #13 o( (1 t3)-p and #23 o( (213).p, where p ist the inter- 
band momentum-matrix element [33]. Thus, in a system with 
defined parity, ]1) and t2) will have the same parity, which 
means that #lZ=e(1 ] z ]2) will always be zero, and no tera- 
hertz radiation can ever be observed in such a system. Ob- 
viously, we need to break the inversion symmetry to be 
able to observe terahertz emission. This statement is sim- 
ilar to the statement that x(Zl-processes are only allowed 
in systems without center of inversion; however, our more 
general symmetry arguments also apply to higher orders of 
the nonlinear susceptibility that might contribute to terahertz 
emission. For the case of the CQW, the inversion symmetry 
is broken by the asymmetry of the structure itself. In the ex- 
ample of the terahertz emission from light-hole heavy-hole 
beats discussed below, the inversion symmetry is lifted due 
to both the application of an electric field as well the in- 
trinsic (cubic) lattice structure of the bulk GaAs crystal and 
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the associated asymmetry of the unit cell wave functions. 
The bulk X (2) is significant in these structures because it is 
resonantly enhanced in both the optical as well as in the 
far-infrared transitions. 

To lowest order in the optical field, all terahertz emis- 
sion from three-level (and multi-level) systems can be at- 
tributed to pure optical rectification, i.e., all the radiated ter- 
ahertz energy comes out of the optical photons, and none 
out of the applied static electric field. This is quite differ- 
ent from terahertz radiation from "current surges" in bulk 
semiconductors [4, 5], where energy can be extracted from 
the electrostatic energy stored in the biased semiconductor. 
Still, there are some conceptual problems when discussing 
the energy balance in these experiments. One argument often 
heard is that when both upper levels in the three-level sys- 
tem are equally populated after excitation with a broadband 
femtosecond laser pulse, absorption and emission probabil- 
ities should exactly balance and thus no terahertz radiation 
should be observed. This argument has also recently been 
voiced to explain why there should be no electromagnetic 
radiation from "Bloch-oscillations" in semiconductor super- 
lattices [31]. However, this picture only applies when there 
is no coherence between the two levels involved, and is not 
applicable when the two levels are coherently excited. An- 
other issue is the effect of transitions from level 12) to level 
]1) due to the emission of terahertz photons. Such radiative 
energy relaxation does indeed contribute to the dephasing 
of the wave packet (see below), but in reality, the intrinsic 
exciton dephasing is still faster than the dephasing due to 
the radiative transitions from 12) to I1) (radiation damping). 

The vector picture of a two-level system has proven to 
be very useful to illustrate a variety of nonlinear optical 
phenomena like Rabi oscillations, photon echoes, and other 
transient coherent phenomena. In analogy, we can also 
postulate a vector picture of the terahertz polarization in 
a three-level system. To do this, we plot the nonlinear 
polarization P(f)  from (2) in a polar diagram. For &function- 
like excitation and if we only consider nonlinear processes 
up to second order in the optical field, we can express the 
off-diagonal density matrix element ^(a) analytically u12 

~o~2)(t) #13~32 = - - 7  IEo12e-i(~12-i71z~to(t), (4) 
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where a312 is the frequency difference between the upper 
levels, 7~2 the dephasing rate between levels I1) and 12), 
and O(t) the Heaviside step function. The polarization P(t) 
is then obtained using (2). The pseudo vector P(t) rotates 
in the polar diagram with an angular velocity cJ12 (Fig. 7). 
For equal excitation of both levels, levels I1} and 12) will be 
equally populated and hence P(t) has no vertical component. 
If, however, the two levels are unequally populated or when 
energy relaxation occurs, P(t) will be rotating either above 
or below the half plane. Because the energy relaxation time 
is so much longer than the dephasing time, the pseudo vector 
P(t) will in general become shorter due to dephasing before 
it tilts below z = 0  due to energy relaxation. We will use 
this pseudo-vector picture in connection with the coherent 
control of charge oscillation with phase-locked pulses. 

2.3 Light-Hole Heavy-Hole Beats 

There are even simpler quantum-well systems in which 
charge oscillations and their associated terahertz emission 
can be observed. This is demonstrated by the example of 
terahertz radiation from light-hole heavy-hole quantum beats 
in single quantum wells (Fig. 8) [32]. The structure consists 
of 15 periods of 175 A GaAs wells, separated by 150A 
A10.3Ga0.vAs barriers, sandwiched between an n+-doped 
substrate and a 3000 A spacer layer. Again, a field can be 
applied via a semitransparent contact. In this example, the 
charge oscillations occur within a single well. Although the 
band diagram of the HH-LH system looks entirely different 
from the CQW, the system can be described theoretically 
exactly the same way as the CQW, namely in terms of a 
three-level system. Only here, the ground state 13} is the 
single state in the conduction band, while the states I1 ) and 
i2) are the heavy-hole and light-hole states, respectively (see 
Fig. 6). Again, the necessary requirement for observation of 
charge oscillation is the existence of the transition dipole 
moment between levels I1) and t2), i.e., light and heavy 
hole states. 

While in the CQW we could discuss the charge oscilla- 
tions entirely by the envelope wave functions of the quantum 
well, in the HH-LH terahertz emission we have to take into 
account that the wave functions consist of a "Bloch" term 

Z 

2 

Y 

X 
Fig. 7. Pseudo-vector picture of the oscillating far-infrared dipole 
moment P(t) ec Re{012} 

5-- 
Fig. 8. Band diagram and envelope wave functions in a biased single 
quantum well 
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with the periodicity of the crystal lattice in addition to the 
envelope function [33]: 

1 
tb(r) = ~ ~ eIkrXt(z)ul,~o(r), (5) 

l 

where S is the sample area, k = (k=, kv) is a two-dimensional 
in-plane wave vector, Xl(z) is the envelope function of state 
I in the quantum well, and uz,k0(r ) is the part of the Bloch 
function that is periodic with the unit cell. 

Although it appears from Fig. 8 that there will be a dipole 
moment from the envelope functions at non-zero field be- 
cause the heavy-hole wave function has a larger polariz- 
ability than the light hole wave function, this by itself will 
not lead to terahertz radiation because the Bloch parts of 
the hole wave functions are always orthogonal at k = 0, so 
that p~2=0 for all fields. The reason that we expect any 
terahertz radiation at all is because we excite states k C0 
due to the finite excitation bandwidth and the valence-band 
mixing effects in quantum wells. Also, since we excite pri- 
marily excitons, a finite distribution in k-space (roughly 
1 / a B ~ 2 x  106 cm -1) contributes to the nonzero intersub- 
band transition dipole moment. Figure 9 shows the top of 
the valence-band structure of a 175 A GaAs/A1GaAs quan- 
tum well as a function of the in-plane wave vector kll. We 
can see that significant valence band mixing occurs in the re- 
gion over which the exciton samples the band structure, wit- 
nessed by the anti-crossing behavior of the light and heavy 
hole bands at roughly 1 x 10 -6 em -1. Using k • p calcu- 
lations, we can calculate the transition dipole moment #12 
between the heavy and light hole as a function of electric 
field (Fig. 10) [30]. Again we see that there is no transi- 
tion dipole moment at k = 0 for any field. Finite transition 
dipole moments occur for non-zero k-values, with the dipole 
moment actually decreasing with increasing field, in con- 
trast to the intuitive envelope picture in Fig. 8. In the lan- 
guage of nonlinear optics, the inversion symmetry is only 
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Fig. 10. Intersubband (between heavy and light hole) transition dipole 
moments at four different bias fields as a function of  in-plane wave 
vector kll 

broken for finite values of the in-plane wave vector, leading 
to a nonvanishing X (2). We would like to point out that the 
same mechanism underlies p-doped intersubband detectors 
[34], where an infrared transition dipole moment only exists 
because of the transitions at finite k-values which become 
accessible due to the population of the/c-states in the ground 
heavy-hole subband. Figure 10 also shows that the dipole 
moments can be quite large, contrary to the belief that only 
transitions between envelope states can have dipole moments 
on the order of a few tens of angstroms. This has also been 
pointed out recently in the context of infrared detectors [35]. 

In order to prove that the observed terahertz radiation 
indeed comes from light-hole heavy-hole quantum beats, 
we first observe the emitted radiation as a function of ex- 
citation wavelength (Fig. 11) for no applied voltage, i.e., 
only the built-in field is present, which is roughly 4 kV/cm. 
Clearly, oscillations are the strongest when the spectrum ex- 
actly overlaps both the heavy and light hole transitions at 
1.527 eV. The inset in Fig. 11 plots the measured photocur- 

~%" LH 

" ~  1,52 1,54 1 5{ 

0 2 4 6 8 

Time (ps) 
Fig. 11. Measured terahertz wave forms from LH-HH beats for several 
excitation wavelengths at the built-in field (4 kV/cm). The inset shows 
the photocurrent spectrum of the sample at the same field 
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Fig. 12. Terahertz wave forms from LH-HH beats as a function of 
electric field in the sample. The inset shows the variation of the 
terahertz oscillation frequency with field compared to the LH-HH 
splitting and theoretical calculations including excitonic effects 

rent spectrum of the sample at 2 K. The terahertz emission 
has a frequency of 1.4 THz, equal to the LH-HH splitting 
measured in the photocurrent spectrum. When the photon 
energy is moved away from the HH-LH transitions, the os- 
cillations disappear rapidly, and only the initial transient as 
discussed in conjunction with the CQW emission remains. 

The detected THz wave forms as a function of electric 
field in the sample are shown in Fig. 12. Here, the laser is 
tuned between the LH and HH exciton resonances, which is 
1.527 eV for weak electric fields. As the field is increased, 
we track the laser spectrum with the exciton resonances shift- 
ing because of the Quantum-Confined Stark Effect (QCSE). 
Again, we see the fast initial transient that becomes more 
pronounced as the electric field is increased. The frequency 
of the oscillatory part of the signal increases from 1.4 THz at 
low fields to nearly 2.6 THz at 33 kV/cm. Although the am- 
plitude of the oscillations apparently seems to decrease with 
rising frequency, this is mainly an artifact of the finite band- 
width of the 50 gm photoconductive dipole antenna, which is 
roughly 1.5 THz (3 dB) [2]. This light-hole/heavy-hole sys- 
tem represents the first tunable solid-state coherent terahertz 
source. 

We would like to specifically point to the terahertz emis- 
sion at flatband (0 kV/cm). The amplitude of the terahertz 
oscillations here is only slightly lower than at finite fields, 
confirming our conjecture that the Bloch part of the wave- 
function contributes significantly to the radiated terahertz 
field. Again, the excitonic character of the charge oscilla- 
tions is responsible for the observation of terahertz radiation 
at flatband because of the finite /c-space over which the ex- 
citons sample the quantum-well band structure. 

The inset in Fig. 12 compares the observed terahertz 
frequency with the LH-HH exciton splitting observed in 
the photocurrent spectra and with calculations of the LH- 
HH splitting including the different binding energies of 
heavy and light hole excitons. The agreement is excel- 
lent, in particular at low fields. Recently, it has been sug- 
gested that there could be a difference between the tera- 

hertz emission frequency and the splitting in the linear ab- 
sorption spectrum due to Coulomb-mediated exciton-exciton 
and Pauli exclusion interaction [36, 37]. So far, we have no 
clear indication of such differences, but it should be inter- 
esting to study terahertz emission as a function of excitation 
density to search for such deviations. 

2.4 Multilevel Systems and Superlattice Bloch Oscillations 

Although terahertz emission in quantum wells has initially 
been demonstrated in three-level systems, an extension to 
multi-level systems is quite obvious. A system of special 
significance is the semiconductor superlattice. As mentioned 
earlier, it has long been speculated that high-frequency ra- 
diation should be emitted from a superlattice subjected to 
a uniform electric bias field [14], where the levels in the 
conduction band form a Wannier-Stark ladder [38, 39]. This 
structure is a model system for the Bloch oscillator that has 
been discussed in the literature since the early part of this 
century [40]. Figure 13 shows such a Stark ladder in a su- 
perlattice and the corresponding optical transitions. In the 
Wannier-Stark regime, the heavy holes are localized in in- 
dividual wells while the electrons (and light holes) are still 
delocalized over several wells due to their lower mass. The 
optically created wave packet will undergo oscillations in 
real space with a frequency corresponding to the Wannier- 
Stark-ladder splitting. An attractive feature of this system 
compared to the CQW is that the splitting frequency varies 
linearly with field and can be tuned over a wide range. Wave- 
packet dynamics in such superlattices has been observed in 
DFWM [9, 10], and very recently, terahertz emission from a 
biased superlattice has been observed [41, 42]. These exper- 
iments certainly demonstrate the generality of the concept 
of charge oscillations in quantum-well structures and should 
also finally put an end to the discussions about the existence 
of Bloch oscillations. 

2.5 Relaxation Process 

Both in the CQW as well as in the LH-HH sample, the 
decay time of the terahertz oscillation is on the order of a 

+1 

CB 

Fig. 13. Schematic band structure and interband transitions of a 
superlattice in the Wannier-Stark bias regime 
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Fig. 14. Terahertz emission from lh hh beats at 4 kV/cm as a function 
of temperature 

few picoseconds. These times are characteristic of the ex- 
citon dephasing times in quantum wells [21, 22]. Also, the 
temperature dependence of the terahertz emission has been 
studied in all samples. As an example we plot the emitted 
terahertz radiation from the LH-HH quantum beats as a func- 
tion of temperature (Fig. 14). The dephasing times slowly 
become shorter when increasing the temperature, until at 
around 35 K, the decrease in dephasing time becomes much 
faster and at around 80 K, no oscillations can be observed 
any more. Acoustic phonon and longitudinal-optical phonon 
scattering are responsible for the increased dephasing rate of 
excitons in these two regimes [22, 43]. No additional dephas- 
ing processes can be identified from the coherent tunneling 
through the barrier in the CQW or the superlattice [42], and 
in fact, the dephasing times in the CQW are somewhat longer 
than in the single quantum well, presumably owing to the 
superb sample quality. 

As we have discussed previously, the energy relaxation 
processes between levels I1) and [2) will in general be 
much slower than the dephasing processes. Intersubband 
relaxation will be slow as the spacing between the two 
levels is much smaller than the LO-phonon energy, although 
intersubband scattering should become faster again for very 
small splittings due to the Coulomb interaction [44]. Another 
potential energy relaxation process is the radiation process 
itself. Because of the coherent emission, such "radiation 
damping" has to be considered as a possible relaxation 
mechanism. The transition probability W for spontaneous 
emission is given by [45] 

aj3e2z 2 
W - - -  (6) 

67rhe3c0 ' 

where e is the electronic charge and z the dipole moment of 
the transition. Although the spontaneous decay rate is usually 
very small at far-infrared frequencies, is has to be multiplied 
by N when coherence exists between N radiating dipoles 

[46,47]. Assuming z = 2 1  ~ and N : 1 0 9  dipoles excited 
in the active volume, we arrive at a radiative decay time of 
roughly 50 ps, which, although still longer than the observed 
dephasing time of a few ps, is quite short. 

2.6 Open Questions and Issues 

There are obviously shortcomings of our theoretical treat- 
ment that we have described above. The most obvious one 
is that the theory deals exclusively with a 3-level or multi- 
level system (in the case of the superlattice) for the excitons 
without inclusion of Coulomb or coherent polarization in- 
teraction effects [48, 49]. Curiously enough, the omission 
of the "many-body" polarization interaction effects has not 
been a limitation at all so far, and none of the effects that can 
be seen in DFWM [48, 49] have been observed in terahertz 
emission. It appears that these effects only show up in third 
(and higher) order phenomena, which needs to be understood 
theoretically. The lack of inclusion of higher bound and con- 
tinuum exciton states, on the other hand, proves to be a se- 
rious omission from the theoretical treatment, mostly when 
the laser spectrum overlaps with such higher lying states. 
The initial terahertz transient around t = 0 from the creation 
of polarized excitons [29] is mostly affected by these states 
because the dephasing time of these levels does not neces- 
sarily have to be long to contribute to the terahertz emission. 

3 Coherent Population and Phase Effects 

In the previous sections, we have shown that because of the 
relatively long dephasing times of excitons in quantum-well 
structures, charge oscillations and hence terahertz electro- 
magnetic emission can be observed. Also, as far as the gen- 
eration of terahertz radiation is concerned, excitons seem to 
behave like independent particles and can be described by 
the optical Bloch equations of a two-level system. This opens 
the possibility of coherently manipulating the states and dy- 
namics in quantum wells, much like researchers in atomic 
and molecular physics have tried to manipulate states and re- 
actions in atoms and molecules [50]. In particular, it should 
be possible not only to control quantum states and wave 
functions in quantum wells, but also to optically encode and 
decode information in the quantum mechanical wave packet. 
These optically prepared quantum states can be readily read 
out by virtue of the terahertz radiation emitted from the quan- 
tum states of the system and both amplitude and phase are 
experimentally accessible. 

3.1 Amplitude and Phase Control of Charge Oscillations 

Such experiments which manipulate both phase and am- 
plitude of the wave functions and the corresponding tera- 
hertz emission have been performed in the CQW structure 
(Sect. 2.1) using two phase-locked optical laser pulses [51 ]. 
The experimental setup is similar to the one described above, 
with the difference that the sample is illuminated by two, 
temporally delayed, laser pulses. These two pulses are gen- 
erated in a Michelson interferometer and the relative optical 
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Fig. 15. Measured terahertz waves from the CQW excited by a phase- 
locked pulse pair separated by two terahertz oscillation periods for 
constructive (~ = 0) and destructive (o5 = 70 excitation 
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Fig. 16. Measured terahertz waves from the CQW excited by a phase- 
locked pulse pair when the separation between the pulses is 2.5 times 
the oscillation period. In this case, large temporal shifts of 4-330 fs are 
observed in the terahertz emission for optical delay changes of only 
1.3fs 

phase between the two pulses can be stabilized to within 
a fraction of  the wavelength using a piezo-electric transla- 
tor. The CQW is unbiased, so that only the built-in field is 
present. The laser excitation is centered at 805 nm with a 
bandwidth of  A u =  10 nm, which overlaps with the heavy- 
hole exciton transitions in the narrow well. This configura- 
tion is selected because, without a field, we can exclusively 
study the contributions to the terahertz radiation from the 
quantum beats in the sample, without having to worry about 
the initial transient from the creation of  polarized excitons. 

Figure 15 shows the results of this experiment when the 
separation between the optical pulses ~- equals two terahertz 
oscillation periods T12. We can see that the observed tera- 
hertz oscillation amplitude depends critically on the optical 
phase difference ~ between the two optical pulses. Whereas 
for ~ = 0 the pulse amplitude becomes more than three times 
as large as the amplitude from just a single pulse, for ~ = 7r, 
the second pulse effectively terminates the charge oscillation 
and consequently the emitted terahertz oscillation. Hence, we 
can selectively turn the terahertz radiation on or off, depend- 
ing on the optical phase relation between the laser pulses. 
We would like to emphasize that these large changes in tera- 
hertz emission are observed for a change in optical delay of 
only 1.3 Is, while the overall delay between the two pulses 
stays the same at 27"12 = 1.3 ps, three orders of magnitude 
more. 

The situation becomes even more interesting when the 
pulse separation is increased to 2.5TI2 (Fig. 16). Here, 
the terahertz waves from each of  the individual optical 
pulses are out of  phase with each other, but instead of  
cancellation, we now observe large phase shifts in the 
emitted terahertz radiation. This becomes apparent when 
focusing on the time delay when the second pulse arrives. 
For q~ = 0, the oscillation all of  a sudden becomes longer 
than the regular oscillation period, while for q5 = 7r, the 
oscillation temporarily becomes shorter. This leads to a 
time delay or advance of 330 fs in the terahertz emission, 
corresponding to a phase change of  ~_ 7r/2. Again, these large 

changes in delay are obtained for a change in optical phase 
of  only 1.3 fs. 

We can compare our results to similar experiments that 
have been performed in atomic physics. Changes in the lu- 
minescence intensity have been observed from the fluores- 
cence of  molecular iodine after changing the optical phase 
difference between two phase-locked optical pulses, [52] and 
these as well as our results in Fig. 15 can be explained by 
comparing the power spectrum of the pulse pair with the 
absorption lines of  the material. The power spectrum of a 
pulse pair is modulated with a period of A u =  l /T,  where 
T is the pulse separation. For ~ = 0, the peaks of the power 
spectrum coincide with the exciton absorption lines, leading 
to preferential excitation, while for ~ = ~r, the exciton lines 
coincide with the nodes of the power spectrum, and thus 
the excitation is low. However, this picture fails to explain 
the much more interesting experiments where the spacing 
between both optical pulses is not an integer multiple of  the 
terahertz oscillation period. In this case, we have to resort 
to the full optical Bloch equations. 

For excitation of a three-level system with a phase-locked 
pulse pair, we again start with the off-diagonal density matrix 
element (3). To get an understanding of the physics, we 
derive an analytical expression for the radiated terahertz field 
in the case of  5-function pulses EL(t) = EoS(t) + Eoeie6(~ -- 
T). An expansion of  L912 to second order in electric field 
under the rotating-wave approximation then yields 

0{l~)(t) _ #13#32 E~[e-i~,2tO(t) + e iwl2( t -T)0( t  - T) 
h 2 

+ e-iee-i~12(t-~-)e iz513~-0(t - T) 

4- eiee-i~12(t-r)eiZ~za'r0(t -- T)], (7) 

where we have assumed that all relaxation time constants are 
infinite for simplicity. In (7), ~ is the optical phase difference 
between both pulses, 0(t) is the Heaviside step function, and 
AI3 =Cdl3 --  ~QL' z~23 : °323  --  •L are the frequency detunings 
of the laser with respect to the 3 ~ 1 and 3 --~ 2 transitions. 
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The first two terms in (7) correspond to the terahertz radia- 
tion resulting from each of the two pulses separately, while 
the latter two terms are interference terms resulting from the 
excitation with both pulses simultaneously. Only these inter- 
ference terms depend on the optical phase difference. They 
also depend on the detuning of the laser frequency ~L from 
the two optical transitions. 

There is a very intuitive way of  looking at (7) in 
the pseudo-vector diagram that we have briefly discussed 
earlier. If we represent the four terms in the equation as 
pseudo-vectors in a frame rotating at the terahertz frequency 
%2, we see that for a delay between the two optical 
pulses corresponding to a integer multiple of the terahertz 
oscillation period T12, terms 1 and 2 in (7) are collinear 
to each other (i.e., the terahertz emission is in phase). But 
depending on the phase difference, the two interference 
terms 3 and 4 can either both be in phase or out of phase 
with the first terms, leading to constructive interference or 
cancellation, respectively. Figure 17a, b illustrate these two 
possibilities. On the other hand, when the optical pulse 
separation is r = (r~+ 1/2)T12 , the terms 1 and 2 in the 
equation are out of phase and cancel each other, while terms 
3 and 4 are either at - r e / 2  for ~ = 0  (Fig. 17c), or at + 7r/2 
for qS=rc (Fig. 17d). These arguments apply for symmetric 
detuning from the two levels zk~3 = -  A23 =o.:12/2 , but can 
be generalized for other detunings. We have also solved 
the optical Bloch equations numerically using a forth-order 
Runge-Kutta method incorporating finite pulse duration and 
dephasing times, which yields excellent agreement with the 
experimental data. 

The origin of the four terms in (7) can also be understood 
from the point-of-view of nonlinear optics. Terahertz gener- 
ation is an optical rectification experiment involving two 
optical photons for the creation of a single terahertz photon, 
with two optical pulses. There are four possibilities to gen- 
erate a terahertz photon: either both photons come from the 
first pulse (term 1), both come from the second pulse (term 

(c) (d) 

9 =0; '~=2T12 

~)=0; z = 2.5T12 
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Fig. 17a-d. Vector diagram of (7) for the four specific cases illustrated 
in Figs. 15 and 16 
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Fig. 18. Calculated populations &~ =Q22 in a three-level system 
for excitation with a phase-locked pulse pair. While for g'=0, the 
population in the upper levels increases nearly fourfold, population is 
pumped back to the ground state for ~ = ~r 

2), or one photons comes from the first and one from the 
second pulse and vice versa (terms 3 and 4). 

3.2 Population Effects 

At first sight, the interference between the two pulses seems 
to mostly influence the relative phase of the wave functions 
in levels [1) and 12) and thus the amplitude and phase of  
the emitted terahertz radiation. Upon closer examination, 
the interaction between the two pulses also influences the 
population of the two levels as long as the two pulses 
are within the dephasing time of  the system. The coherent 
population effects become evident when looking at the 
populations ~911(t ) and 022(t). Figure 18 shows numerical 
solutions of the optical Bloch equations for a time delay 
between the optical pulses of r=2T12  and a dephasing 
time of 2.75 ps. From these simulations it becomes apparent 
that the second pulse induces significant population changes. 
While for g~ = 0, coherent population buildup is observed, for 

= re, both upper levels are depopulated by the second pulse. 
This illustrates that in Fig. 15 the terahertz oscillation ceases 
not because of an interference of charge oscillations set up 
by the two pulses, but because the second pulse changes the 
coherences ~)13, L)23 which in turn leads to a depopulation of  
the upper levels 1 and 2. 

4 Outlook and Conclusions 

Without doubt, quantum wells and superlattices have en- 
riched the field of terahertz optoelectronics. The generation 
of  terahertz transients is ah'eady at a highly interesting border 
between optics and electronics, and terahertz optoelectronics 
borrows from both optical and electronic concepts. The ad- 
dition of quantum mechanical phenomena certainly makes 
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this field even more exciting to work in. Because of the dis- 
crete excitonic states in these systems, the quantum states 
and hence the terahertz emission can be tailored over a wide 
range. And due to the long excitonic dephasing times, co- 
herent control of amplitude and phase of the terahertz emis- 
sion is also possible. Last but not least, the emission of 
terahertz radiation from semiconductor heterostructures has 
finally proven unambiguously that charge oscillations do in- 
deed exist in such system, as predicted for many years. 

One of the most amazing results of these studies is that 
as far as terahertz generation is concerned, exciton levels in 
quantum-well structures behave like perfect atomic states. 
Certainly, this will have to be studied in further detail, but in 
the mean time, this will open many opportunities for further 
studies of other coherent phenomena like photon echoes 
and amplification of terahertz waves in coherent three-level 
systems. 

Even with all the interesting physics, there are no appli- 
cations of terahertz optoelectronics in sight so far. The effi- 
ciencies of the terahertz generation are fundamentally small, 
and all of the described experiments only work at low tem- 
peratures. It will be up to the researchers in this field to come 
up With new ideas, systems, and materials to overcome these 
hurdles which might eventually lead to new applications. 
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