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Inverse Bloch Oscillator: Strong Terahertz-Photocurrent Resonances at the
Bloch Frequency

K. Unterrainer,* B. J. Keay, M. C. Wanke, and S. J. Allen
Center for Free-Electron Laser Studies, University of California, Santa Barbara, California 93106

D. Leonard, G. Medeiros-Ribeiro, U. Bhattacharya, and M. J. W. Rodwell

Materials and ECE Department, University of California, Santa Barbara, California 93106
(Received 24 October 1995

We have observedhe inverse Bloch oscillator effectesonant changes in the current-voltage
characteristics of miniband semiconductor superlattices when the Bloch frequency is resonant with
a terahertz field and its harmonics. The resonances consist of a peak in the current accompanied by a
decrease of the current at the low bias side. At the highest intensities we observe up to a four-photon
resonance. This is an analog of Shapiro steps #tleSjunction caused by the ac Josephson effect.

The increase of the current is caused by stimulated emission of photons and we can estimate the THz
gain of the superlattice from the induced current at the resonance.

PACS numbers: 73.50.Fq, 72.20.Ht, 73.20.Dx

In a pioneering paper, Esaki and Tsu proposed high An electron in a superlattice with a dispersion relation
frequency oscillators by tailoring the nonlinear electronic _ _
transport properties of semiconductors by fabricating su- olk) = By + A/2(1 = codkd)] @)
perlattice structures [1]. Minibands are formed, and elec-driven by an electric field () = E‘ + E*° codw1) can
trons accelerated by a moderate, constant electric field, be treated in analogy to superconducting ac Josephson
can perform a repetitive motion of acceleration and Braggunctions [8,9], where the current is given by
reflection called Bloch oscillation, characterized by the [ =1I.sin®) and & =2eV/h. )
Bloch frequencywy = eEd/h, whered is the superlattice ] ) ] o )
period. Bloch oscillation is a well defined normal mode The velocity of an electron in a superlattice miniband is
of the system at THz frequencies, whesgr > 1 [2,3].  9iven by
However, it took more than two decades before the first Ad . . e
observation of Bloch oscillations was made in a degen- V() = 5 sinlkd) and kd = —E(n)d.  (3)

erate four wave mixing experiment [4] and in a transientrhe solution for the Josephson junction gives the well
THz emission experiment of optical excited electrons [5].known Shapiro steps at%c = Niw/2e. This simple
The emission was attributed to quantum beats of wavgnalogy predicts Shapiro steps in the dc current of a semi-
packets excited in different levels of a Wannier-Stark ladconductor superlattice driven by an ac field at resonances
der—the quantum mechanical equivalent for the Blochgdey; — N /e. This indicates that the high frequency
oscillator. The observation of continuous Bloch emissioryje|d couples to Bloch oscillations. However, Ferreira and
from eIectrlcaIIy_ injected carriers in a superlattice has esgastard [10] predict that the absorption spectrum of a su-
caped observation so far. o _ . perlattice should not show any resonances at the Bloch
The formation of Bloch oscillations in a dc biased frequency based on the fact that the populations in ad-
superlattice also influences the dc conductivity. At lowjacent Wannier-Stark levels are equal, and emission and
bias when the Bloch frequency is not high enough tospsorption should cancel each other. Ferreira and Bastard
overcome scatterinfwp7 < 1) the electrons never reach go not include dissipation which is a critical element in
the inflection point, and the current in the superlatticeihe treatment.
direction is given by the Drude conductivity. When the  pjssjpation can be included in the quasiclassical Bloch
bias is high enough to make Bloch oscillation possible, thgscillator model by solving the Boltzmann equation [11].
electrons start to oscillate in space and stop to contributggr 5 constant scattering timeand a photon energyeo,
to the dc current which leads to negative differentialsmaller than the miniband width, the dc current can be

conductivity [6,7]. written as

In this paper we have combined transport and THz foo
spectroscopy to show that dc current driven Bloch oscilj = j; Z J2(eE*d/liw)
lation couples to external radiation by either emission or m=0

absorption of THz photons. We explore this phenomenon (05 + mo)r (05 — mw)T
by investigating theénverse Bloch oscillator effeavhich X [ 55 — 5 :|
senses changes in the dc conductivity under the influence I+ (wp + mw)r I+ (wp = mw)’

of an external THz field. (4)

0031-900796/76(16)/2973(4)$10.00 © 1996 The American Physical Society 2973



VOLUME 76, NUMBER 16 PHYSICAL REVIEW LETTERS 15 ARIL 1996

where theJ,, are Bessel functions. The dc current is GaAs layers £ =2 X 10'® cm™3) which serve as contact
plotted foreE*“d/hw = 0 (dotted curve in Fig. 1) and for regions.
eE*d/hw = 1.3 (solid curve in Fig. 1) forr =1 ps and The wave functions of the GaAs wells overlap strongly,
v = 0.6 THz. The curve foreE*°d/hw = 1.3 shows a and minibands are formed. A band-structure calculation
strong modulation of the current when the Bloch frequencyn the envelope function approximation [13] results in
wp equals the applied frequenayor its higher harmonics. a width for the lowest miniband = 22 meV. This
The THz current at 0.6 THz is also shown in Fig. 1 means that electrons moving in the lowest miniband are
(dashed curve). Negative conductivity or gain is pre-not scattered by optical photons. The effective mass of
dicted when the Bloch frequency isz > w and absorp- electrons at the bottom of the minibandis™ = 0.07mj.
tion whenwp < w [11]. Figure 1 demonstrates that the The second miniband is separated from the first one by
features in the dc current can be correlated with the occuiabout 100 meV. Thus, for low applied biasZ00 mV),
rence of gain or loss. An increased photocurrent impliesve do not have to consider tunneling to the second
gain, and a suppression of the current below the dc levehiniband.
corresponds to absorption. In the Wannier-Stark level pic- Superlattice mesas with an area ofi8n? are formed by
ture an increased current is caused by stimulated emissialry etching and an iofH™") implantation-isolation process.
of photons through intra Wannier-Stark level transitions,Ohmic Au/Ge/Ni contacts are fabricated on the top and
and a suppression is caused by absorption. In a single sthe bottom of the mesas. A coplanar broad band bow-tie
perlattice miniband this is an unambiguous method of inantenna was used to couple the THz electric field to the
terpreting the induced current since no transport channelmesa parallel to the growth direction [14] and enhances
through higher subbands exist where a positive inducethe electric field by a factor of 50 to 100. The experiments
current can be caused by absorption and subsequent inere performed at 10 K in a temperature controlled flow
elastic scattering. cryostat with Z-cut quartz windows. The conductance
For wp — 0 the low voltage conductance is propor- of the superlattice was measured during the microsecond
tional toJ3(eE*°d/liw). Atthe zeros off, the dc current long pulses of THz radiation provided by the UCSB free
is expected to be completely quenched by the ac fieldelectron lasers.
This ac localization was also predicted by fully quantum The current-voltage characteristics of our superlattice
mechanical calculations of the energy levels of a superladevice without THz radiation (dt¥) can be seen in
tice in an intense periodic electric field [12]. Fig. 2(a) (curve labeled = 0). The negative dc (NDC)
The samples used in this study thfe inverse Bloch region starts at a bias of 20 mV which corresponds to a
oscillator effect are GaAgAl Ga_,As (x=0.3) su- critical electric field of 500 V/cm. Assuming that the on-
perlattices grown on a semi-insulating GaAs substratset of the NDC region is due to Esaki-Tsu-type localiza-
by molecular beam epitaxy. The superlattice struction, we find a scattering time = 1.3 ps. The maximum
ture consists of 40 periods of 80 A wide GaAs wellscurrent density is about 100 A/én ThelV curve shows
and 20 A thick AlGaAs barriers. The superlattice a small asymmetry: For positive bias (injection from the
is homogeneously Si doped with a concentration oftop contact) we find a more pronounced NDC than for
n=3x10" cm™3. Lightly doped 80 A thick GaAs negative bias. This asymmetry is present in all devices
setback layers separate the superlattice from 3000 A thicand we think is due to the different geometry of top and
bottom contacts or due to inhomogeneity in the doping.
The influence of an external THz electric field on
the superlattice current is shown in Fig. 2(a) for a free
electron laser (FEL) frequency of 0.6 THz. The dc
current is measured during the FEL pulse as the voltage
bias is changed. The curves in Fig. 2(a) are shown for
increasing ac field strength (the curves are displaced
downward with increasing intensity for clarity). At low
intensities an additional peak emerges in the NDC region.
We attribute the first additional peak to a resonance of
the external laser field with Bloch oscillatiomz = w.
When the intensity is increased further the first peak starts
0 1 2 3 4 to decrease, and a second peak at about twice the voltage
DC Bias (0 ,/) of the first peak is observed and assigned to a two-photon
resonance. At the highest intensities we observe a four-
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FIG. 1. Calculation of the superlattice current as a function P _
of the applied bias foreE*d /iw — 0 (dotted curve) and photon resonance. The initial current peak of thel\dc

for eE*d/hw = 1.3 (solid curve). The absorption coefficient decreases with increasing intensity indicating the onset of

(dashed curve) is shown farE“d/fiw = 1.3. THz gain is  ac localization [15]. At very high intensities a small bump
predicted when the induced dc current shows an increase.  at the original position of the peak recovers.
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FIG. 2. dc current-voltage curve for increasing FEL intensity
(the curves are shifted downwards for increasing laser intenfraction of the superlattice, and not by the onset of

sity). The FEL frequency was fixed to 0.6 THz (a) and to ot ; ;
1.5 THz (b). In the NDC region additional features occur at_Iocallzatlon over the entire superlattice, the value for the

tributed to resonances at the Bloch frequency and its subhafCattering time which we derived from the assumption
monics. of uniform localization is incorrect. Indeed, we observe

resonances with Bloch oscillation only for frequencies
higher than 480 GHz which corresponds to a scattering

In Fig. 2(b) the results for a laser frequency of 1.5 THztime of 0.35 ps, approximately 3—4 times shorter than
are shown. The peaks are shifted to higher voltages arithe previous estimate. This value is consistent with
are much more pronounced. Only the fundamental andarlier cyclotron resonance measurements (magnetic field
the second harmonic is observed, since, for a gik&n  perpendicular to the growth direction) which showed
eE*d/hw is smaller at higher frequencies. In addition, in low doped samples also a coherence length=df)
we observe a suppression of the current value in betweesuperlattice periods [17].
the peaks. The peaks show a clear asymmetry with a In Fig. 4 the intensity dependence of the current at the
steeper slope on the high voltage side. This asymmetrglifferent resonances at 0.6 THz is shown. In addition, the
is different from the shape of the peak of original Idc- predicted current from Eg. (4) is plotted. The absolute
which shows a steeper slope at the low voltage side. value of the electric field is obtained from a fit to the

In Fig. 3 the peak positions are shown as a function ofnaximum of the current of the one-photon resonances.
FEL frequency. The relationship is linear, and the slope§he coincidence of the first maxima for the higher
of theNth harmonic ar@\ times the slope of the one-photon photon resonances is very good. Thus, we can use the
resonance. The magnitude of the slope is larger thafit to the maxima to calibrate our electric field in the
expected from a voltage drop across the whole superlatticeample. A discrepancy exists for the predicted smaller
The most reasonable explanation is that a high electric fieldscillations at higher intensities which do not show up in
domain is formed which extends over approximately onethe experimental data. In addition to the main maximum,
third of the superlattice [16]. For this stable situation thea second peak is observed for the one-photon resonance
electric field in the low field domain is below the critical which coincides with a minimum of the calculation.
field for localization and puts this part of the superlatticeThe two-photon resonance shows the same feature which
in the high conductive miniband transport regime. cannot be explained by the simple calculation with a

The formation of a high field domain could also constant scattering time.
explain the discrepancies between the values for the A positive photocurrent in the NDC is caused by stim-
scattering times deduced from the W¢-and from the ulated emission of photons (electrons move downwards
THz measurements. If the onset of the NDC is morein the Wannier-Stark ladder) [18]. From the value of
likely caused by domain formation, localization over athe photocurrent we can estimate the power transfer for
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. (V/cm) an analogy to Shapiro steps$i-Sjunctions that support
the ac Josephson effect.
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