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We directly detect the coherent electromagnetic radiation originating from Bloch oscillations

of charge carriers in an electrically biased semiconductor superlattice structure.

The oscillation

frequency can be tuned with the applied bias field from 0.5 THz to more than 2 THz, the detection

limit of our measurement system.

PACS numbers: 73.20.Dx, 42.50.Md, 42.65.Re, 84.40.Cb

The work of Bloch on the dynamics of electron wave
packets [1] in periodic potentials has led to the predic-
tion [2] that an electron in uniform electric field F' will un-
dergo periodic oscillations with a frequency vg = eFd/h,
where d is the lattice constant and h denotes Planck’s
constant. These Bloch oscillations (BO) are caused by
Bragg reflections of ballistically accelerated electrons at
the Brillouin zone boundary. All attempts to observe BO
in conventional bulk solids have failed. For all reasonable
fields, the coherence of the Bloch states is destroyed by
scattering before a single oscillation cycle is completed.
In their pioneering work on semiconductor superlattices,
Esaki and Tsu pointed out that BO of electrons should
be observable in superlattices due to the high oscilla-
tion frequency expected even for modest fields [3]. They
proposed BO as a source for tunable submillimeter-wave
radiation. Subsequent theoretical work has shown that
the quasiclassical theory is not adequate to describe BO
[4-8]. It has to be replaced by a dynamical theory of
wave packets composed of quasibound Wannier-Stark
(WS) states. BO result from quantum beats of these
states with the same oscillation period as that calculated
with the quasiclassical model. Photocurrent and photo-
luminescence measurements on biased superlattices have
proven the existence of the frequency-domain equivalent
of BO, the WS ladder [9,10]. The simultaneous observa-
tion of WS states and the negative differential velocity
[11] related to BO demonstrated the close relationship
between WS localization and BO. Very recently, first ev-
idence for BO in superlattices was found in degenerate
four-wave-mixing experiments [12,13].

In this Letter, we directly prove the existence of BO by
observing the submillimeter-wave emission from coherent
charge carrier oscillations in a superlattice. We detect the
electromagnetic “Bloch” radiation by using time-domain
terahertz spectroscopy, a technique only sensitive to co-
herent emission processes [14]. The emission frequency
can be tuned electrically from 0.5 THz up to the limit of
our detection system above 2 THz.

The superlattice structure used in this study consists of
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35 periods of nominally 34 monolayer (97 A) thick GaAs
well layers and 6 monolayer (17 A) thick Aly3Gag 7As
barrier layers. The undoped superlattice structure is
grown by molecular beam epitaxy on an n-doped GaAs
substrate with a 2500 A thick undoped Aly3Gag.7As
buffer layer beneath the superlattice region and a 3500 A
thick undoped Alg3Gag 7As buffer on top. A Kronig-
Penney calculation gives a width of 19 meV (2 meV) for
the lowest electron (heavy-hole) miniband. A reverse-
bias field can be applied between the doped substrate
and a semitransparent Cr Schottky contact on the sample
surface. Increasing the bias from flatband conditions, one
tunes the coupling between wells and with it the degree of
localization of the electron and hole wave functions. At
low reverse bias, close to flatband (0.6 V), strong inter-
well coupling leads to delocalization of the electron and
hole wave functions over many superlattice periods [15]
and to the formation of energy minibands. With increas-
ing bias, the coupling between wells is gradually reduced:
The wave functions are partly localized peaking in indi-
vidual wells but extending into several neighboring wells
[5]. Each energy miniband splits into a series of discrete
levels forming a WS ladder as illustrated in the upper
part of Fig. 1 [9,10,15]. For high reverse bias, the wave
functions completely localize and the superlattice turns
into a system of noninteracting multiple quantum wells
[16].

To verify the formation of WS ladders in our sample,
we have taken low-excitation photocurrent (PC) spec-
tra at a temperature of 4 K. At low reverse bias, in the
miniband regime from flatband up to about 0.0 V, the
spectra are weakly structured. They reveal three delocal-
ized exciton lines that we associate with the fundamental
1s heavy-hole (hh) excitons, the light-hole (lh) excitons,
and excited hh excitons (hh2) marking the onset of the
continuum [17]. At higher reverse bias, each line fans
out into a series of discrete transitions as expected for hh
and lh WS ladders. The lower part of Fig. 1 displays the
energies of the detected excitonic interband transitions
as a function of bias voltage. The WS transitions are la-
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FIG. 1. Upper part: Schematic representation of the tran-
sitions from the valence band to the conduction band of a
semiconductor superlattice in the Wannier-Stark bias regime.
Lower part: Fan chart of the Wannier-Stark ladders as ob-
served in PC spectra of our superlattice structure at T'=4 K
and at low excitation density.

beled by nhh and nlh, respectively. The index n denotes
the position of the well where the final electron state is
centered relative to the well where the hole probability
density has its maximum value. In the PC spectra, we
can distinguish hh transitions for n = —2, —1, 0, and
+1, and lh transitions for n = —1 and 0, respectively.
Around —1.6 V, the WS regime starts to transform into
the isolated-quantum-well regime with completely local-
ized wave functions.

In the time-resolved experiment, we excite the sample
by 100 fs optical pulses (bandwidth of 22 meV full width
at half maximum) from a self-mode-locked Ti:sapphire
laser. The wavelength (802 nm) is centered at the Ohh-
exciton transition. To detect the submillimeter-wave ra-
diation from the sample in the time domain, we use a
setup as described in Ref. [14]. The sample is mounted
in a closed-cycle cryostat at a temperature of 15 K. An
optical pulse incident under 45° generates excitons at a
density below 1 x 10° cm~2 per quantum well. Coher-
ent THz radiation emitted nearly collinearly with the re-
flected optical beam leaves the cryostat through a silicon
window (resistivity > 10 k€2 cm) and is projected via two
off-axis paraboloidal mirrors onto a 50-um subpicosecond
dipole antenna that is gated by a second, time-delayed
part of the laser pulse.

The left part of Fig. 2 shows the detected coherent
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FIG. 2. Left side: Measured coherent electromagnetic tran-
sients emitted from the superlattice for different reverse-bias
voltages. Right side: Fourier transforms of the time-domain
data. The spectra are corrected for the frequency dependence
of the detection system.

electromagnetic radiation as a function of time for differ-
ent bias voltages. We distinguish two bias regimes, the
reverse-bias domain from flatband (+0.6 V) to —1.5 V
and the reverse-bias domain above —1.5 V. Not shown are
results close to flatband, where the THz-wave emission
is rather weak and disappears completely at flatband. In
Fig. 2, the THz-field amplitude increases continuously
with voltage in the low-bias regime. Three oscillation
cycles of the radiation are visible. The wave form hardly
changes from flatband up to —1.0 V. From —1.0 V to
—1.5 V, the second maximum of the pulse begins to dis-
appear. In the high-bias regime, above a reverse bias of
—1.5 V, we observe pronounced wave-form changes when
the voltage is tuned. With rising bias, the number of de-
tected oscillation cycles increases whereas the temporal
spacing of the oscillation maxima continuously decreases.
On the right side of Fig. 2, the Fourier spectra of the
time-domain data are displayed. In the low-reverse-bias
regime, the peak of the Fourier spectra is independent
of the voltage. At high reverse bias, however, the peak
of the Fourier spectra continuously shifts to higher fre-
quency.

To relate the THz radiation to BO, we compare the
Fourier spectra with PC and reflectance spectra of the
sample. To avoid misinterpretations, it is important to
compare spectra that are taken under identical excita-
tion conditions: Even at the modest excitation of the
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sample as in our THz-emission experiment, the onset of
the WS ladder is shifted to higher bias voltages. The shift
is caused by screening of the electric field across the su-
perlattice by the accumulation of photogenerated charge
carriers over many duty cyles of our 76 MHz laser sys-
tem. We have verified that the charge carriers generated
by a single optical pulse do not affect the screening of
the electric field significantly. In the WS regime, the bias
dependence of the transition energies does not change
significantly (details will be published elsewhere).

To determine the origin of the tunable THz emission,
we compare the data from time-resolved measurements
with cw Wannier-Stark spectra taken under identical ex-
citation conditions. We spectrally analyze the reflection
of the laser beam used to excite THz emission. We record
the reflectance change AR induced by a slight modula-
tion AU = 0.2 V of the bias voltage. Figure 3 shows
electroreflectance spectra AR/AU for different bias volt-
ages. Up to a reverse bias of —2.6 V, the AR/AU spec-
tra consist mainly of the bias derivative of two discrete
lines separated by roughly 3.5 nm. This separation is
expected between hh and lh excitons. For a reverse bias
above —2.6 V, three additional features emerge. They
are marked in Fig. 3 by the dashed lines labeled —1hh,
—1lh, and —1hh2. With increasing bias, they gradually
move towards longer wavelengths. The wavelength sep-
aration by 3.5 nm of the two features labeled —1hh and
—11h suggests that they correspond to hh and lh exciton
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FIG. 3. Single-beam electroreflectance measurements of
the superlattice sample for different bias voltages. The ex-
citation conditions are identical to those of the THz-emission
experiment.

transitions. Their bias dependence is identical to that
of the —1hh and —1lh states in the PC spectra (Fig. 1);
hence we identify the two features as —1lhh and —1lh
exciton transitions. The feature denoted by —1hh2 has
the same bias dependence as the —1hh and —1lh fea-
tures. We assign it to higher exciton states at the onset
of the continuum. The appearance of these three fea-
tures above —2.6 V obviously marks the onset of the WS
regime at the excitation level of the THz-emission ex-
periment. We can attribute the strong feature between
797 nm and 801 nm in the high-bias curves to the Ohh
transition. The weak feature at 803 nm in the —3.2 V
curve corresponds to a —2hh transition.

We now compare the THz-emission data with the re-
sults of the electroreflectance measurements: (i) The
peak emission frequency depends weakly on the bias volt-
age for a reverse bias up to —2.5 V where the reflectance
spectra show the existence of a miniband regime. In
this regime, the external bias voltage is quite effectively
screened by accumulated charge carriers. (ii) The emis-
sion frequency depends linearly on voltage above —2.5 V,
where the reflectance spectra reveal the WS regime. In
this bias range, the internal electric field is proportional
to the external applied voltage. (iii) In the WS regime,
the bias dependence of the emission frequency follows
exactly the bias dependence of the energy separation be-
tween adjacent WS transitions. This is illustrated in
Fig. 4. The full circles in Fig. 4 represent the photon en-
ergy hyp, of the THz transients. The open circles give the
energy splitting AEy _; between the Ohh and —1hh tran-
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FIG. 4. Full circles: Photon energy of the THz radiation.
Open circles: Energy separation of adjacent Wannier-Stark
ladder states, extracted from the data of Fig. 3. Solid line:
Energy separation of the n = —1 and n = 0 Wannier-Stark
states in the PC spectra; the voltage of the PC data is shifted
by an offset of —2.9 V to account for field screening. Dashed
line: Energy as calculated from simple BO theory as a func-
tion of the bias.
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sitions in the electroreflectance measurement [18]. As
shown in Fig. 4, the values of hvp(U) and AEy _1(U)
overlap very well. (iv) The bias dependence of both hv,
and AEp, _; follows closely the bias dependence of the
energy separation of adjacent WS transitions in the low-
excitation PC spectra. This energy separation, extracted
from the PC spectra of Fig. 1, is plotted as a solid line in
Fig. 4. An offset of —2.9 V has been added to the volt-
ages of Fig. 1 to account for the shift of the WS regime
by screening in the reflectance and THz-emission exper-
iments. (v) The slope of hv, and AEy _; follows closely
the relation Aiw ~ edU/L expected from BO theory (see
the dashed line in Fig 4). Here, d is the superlattice pe-
riod and L the thickness of the electrically biased region.

We conclude from the comparison of the THz-emission
spectra with the reflectance and PC spectra that the tun-
able THz radiation in the WS bias regime results from
BO of the charge carriers after coherent excitation of sev-
eral WS ladder transitions. In the THz-emission exper-
iment, at least three WS transitions are excited (Ohh,
—1hh, and —2hh). It should be stressed that, from the
wave-packet point of view, even the superposition of the
wave functions of two WS states is sufficient to observe
BO, i.e., an oscillation of the probability to find the WS
wave packet at a given site with the time period eF'd/h
determined by the bias field F' and the superlattice pe-
riod d.

Our THz-emission data deviate in two aspects from
the intuitive expectations for the THz emission of such
a system: (i) Only in the regime where the WS ladder
is visible in the reflectance spectra (above —2.5 V), the
frequency is linear with field as expected from the quasi-
classical BO prediction. For lower bias fields, the photon
energy increases sublinearly with bias. This observation
qualitatively agrees with recent theoretical predictions
[19] of a sublinear increase of the WS ladder energy eF'd
due to excitonic and Coulomb interaction. A quantita-
tive comparison, however, is not possible since we can-
not precisely relate the bias voltage U to the internal
field F in this regime due to the screening effects. (ii)
The THz-emission spectra (Fig. 2) do not show a strong
broadband background signal [20] as has been observed
in all other THz-emission experiments on semiconductor
heterostructures (see, e.g., [14,21,22]). This observation
will be the subject of further studies.

In summary, we have directly observed electromagnetic
radiation from wave packets oscillating coherently in a
semiconductor superlattice. In the Wannier-Stark bias
regime, the electromagnetic radiation originates from
Bloch oscillations of the charge carriers. Reflectance and
four-wave-mixing measurements suggest that at high bias
voltages THz radiation at frequencies as high as 5 THz
may be generated. This remains to be verified with a
THz measurement system with a larger detection band-
width.
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