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Coherent Submillimeter-Wave Emission from Bloch Oscillations
in a Semiconductor Superlattice
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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.
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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 v~ = 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
[ll] 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

35 periods of nominally 34 monolayer (97 A.) thick GaAs
well layers and 6 monolayer (17 A) thick Alp 3Gap 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 Alp sGap 7As
buffer layer beneath the superlattice region and a 3500 1'.
thick undoped Alp sGap 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 Hatband (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
ls 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 representat'ntation of the tran-
sitions from t e va ence ah 1 band to the conduction band of a

~ ~ ~

semiconductor super a ice ins l tt' in the Wannier-Stark bias regime.
F h t of the Wannier-Stark ladders as o-Lower part: Fan c ar o

reatT=4Kserved in spec rd PC tra of our superlattice structure at
and at low excitation density.

beled by nhh and nlh, respectively. The index n denotes
h 't' f the well where the Bnal electron state is

ilitt d 1 t' to the well where the hole probabi ity

can distinguish hh transitions for n =—
+1, and lh transitions for n = —1 and 0, p

'
y.d 0 res ectively.

—1.6 V the WS regime starts to transform into
the isolated-quantum-well regime with comp e e y oca-
ized wave functions.

In the time-resolved experiment, we excite the sample
by 100 fs optical pulses (bandwidth of 22 meV u wi
at half maximum) from a self-mode-locked Ti:sapphire
laser. The wavelength (802 nm) is centere a e
exciton transition. o eT d tect the submillimeter-wave ra-
diation from the sample in the time domain, we use a
setup as described in Ref. [14j. The sample is mounted

f 15 K. nin a closed-cycle cryostat at a temperature of K.
optical pulse incident under 45' generates excitons at a
density e ow xb 1 1 x 10 cm per quantum well. Co er-
ent THz radiation emitted nearly collinearly with the re-
flected optical beam leaves the cryostat through a silicon
window (resistivity ) 10 kA cm) and is projected via two
o6'-axis paraboloidal mirrors onto a 50-pm 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 difI'erent reverse-bias

es. Ri ht side: Fourier transforms of the time- omain
data. The spectra are corrected for the frequency epen ence
of the detection system.

e ec roma1 t agnetic radiation as a function o time for differ-
ent bias voltages. We distinguish two bias regimes, e
reverse-bias domain from flatban + .d i 0.6V to —1.5V
and the reverse-bias domain above —1.5 V. Not shown are
results c ose o a an,I t fl tb d where the THz-wave emission
is rather weak and disappears completely at flatband. In

2 the THz-Beld amplitude increases continuous yFig. , e z-
tionwit vo age in

'
h lt ' the low-bias regime. Three oscilla

'

hardlcycles of the radiation are visible. The wave form har y

—1.5 V, the second maximum of the pulse begins to is-
appear. In the high-bias regime, above a reverse bias of
—1.5 V observe pronounced wave-form changes w en
the voltage is tuned. With rising bias, the number o e-
tected oscillation cycles increases whereas the tempora
spacing of the oscillation maxima continuously decreases.
On the rig t si e o ih 'd f Fig. 2 the Fourier spectra of t e
time-domain data are displayed. In the low-reverse-bias

h k of the Fourier spectra is indepen ent
of the voltage. At high reverse bias, however, the pea
of the Fourier spectra continuous y s ii s to hi her fre-g
quency.

theTo relate the THz radiation to BO, we compare t e
Fourier spectra with PC and reflectance spectra of the
sample. To avoid misinterpretations, it is important to
compare spec ra a at th t re taken under identical excita-
tion conditions: Even at the modest excitation of t e
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sitions in the electroreflectance measurement [18]. As
shown in Fig. 4, the values of hv„(U) and AEp, i(U)
overlap very well. (iv) The bias dependence of both 6&„
and AEo, i 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 AEo i follows closely
the relation hco edU/I 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 reHectance 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 sufflcient to observe
BO, i.e. , an oscillation of the probability to find the WS
wave packet at a given site with the time period eFd/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 eFd
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. ReBectance 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.

We are indebted to Jagdeep Shah for many stimulating
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