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A GaAs/AlAs superlattice with a large miniband20 me\} showed self-sustained current
oscillation at a frequency of 103 GHz giving rise to microwave emisgmmwer 0.5 mW. The
emission line had a linewidth of about 1 MHz and was tuneable by about 800 MHz. An analysis
suggests that the transport in the superlattice was mainly due to electrons in the lowest miniband and
that the oscillation was caused by traveling dipole domains. We also observed frequency locking of
the current oscillation attributed to a synchronization of domain propagation by the external
high-frequency field. ©1999 American Institute of Physid$S0003-695(99)02215-9

Semiconductor superlattices with wide minibands, asvided with ohmic contacts. The substrate was thinned to a
proposed by Esaki and TSuzan shows negative differential thickness of less than 5@m and its reverse side covered
velocity? due to Bragg reflection of miniband electrons. If an with a Ti/Au layer. The device was glued from the substrate
electric field in the region of negative differential velocity is side with silver epoxy on a copper block.
applied along the superlattice axis, a spatially homogeneous We used a high-frequendyiF) probe(with a signal and
field distribution is unstable and traveling high-field domainstwo ground probe needles order to contact the three mesa
can be formed exciting current oscillation in an external cir-elements. Applying a voltage between the contacts of the
cuit. The occurrence of traveling domains was concludedgmall-area mesgsigna) and both large-area mesagound,
from the observation of photocurrent transient oscillations
induced in an undoped superlattice by picosecond light ~—Tatton voimgs] (@)
pulses® and through the microwave emission caused by con- Synthesizer |’ or source
tinuous current oscillation from a doped superlatficEhe [
frequency of the current oscillation was given by the ratio of 2‘{’12?;?;: Coupler Tuner '?Jt%l;eravgtg
the domain velocity and the superlattice length. It was bias tee
showr that the oscillation frequency in superlattices with ohmic contact
different miniband widths and almost equal length increases superlattice
almost proportionally to the peak drift velocity, which
strongly depends on the miniband width. So far, the highest TilAu layer
frequency of 65 GHz has been reported for a superlattices
with a miniband width of 72 meV.In this letter we report on
a study of miniband transport in a superlattie¢ room tem- 150
peraturg with a much larger miniband widtf1.20 me\j and \ (b)
report on self-sustained current oscillation at a frequency \
above 100 GHz. 100+ s

A superlattice(n doped 9< 10'® cm~3)with 130 periods
of 40 A GaAs ad 6 A AlAs has bene grown onm" GaAs
substrate by molecular beam epitaxy. A devi€ég. 1(a)]
was fabricated on the GaAs substrate consisting of one
small-area superlattice mesa @05um?) and two large-
area superlattice mesas (8000 um?);the mesas were pro- % 1 > 3
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dpermanent address: Intitui rfltAngewandte und Experimentelle Physik,
Universitd Regensburg, Universitsstr.31, 93040 Regensburg, Germany. FIG. 1. (a) Experimental setup an¢b) |-V characteristic of the active
Electronic mail: ekkehard.schomburg@physik.uni-regensburg.de superlattice mesésolid line) and calculated characteristidashed ling
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FIG. 2. Microwave spectrum of the free current oscillati@ and the 12 F P
frequency-locked oscillatiorib). Inset: Spectrum of the frequency-locked L L L
oscillation measured with high frequency resolution. 1.9 2.1 2.3
voltage (V)
a current flow occurred from the signal probe needle through FIG. 3. (a) Tuneablity andb) output power.

the small-area superlattidg@cting as active megathe n™
GaAs substrate and both large superlatti@sting as low  served in our experiment is in reasonable agreement with the
series resistangeéo the ground probe needles. calculated transit frequency.

The HF probe guided broadband, an electromagnetic ~An external HF field(power: 100 nVy, applied to the
wave, excited by the current oscillation in the active mesa, tguperlattice device with a driving frequency close to the os-
a rectangular waveguid@5-110 GHz A three-stub tuner cillation frequency of the superlattice, resulted in a
improved the matching between the impedances of the sdrequency-locked oscillation at the driving frequency. The
perlattice device and the waveguide. A directional couplefiocking of the oscillation was indicated by a narrow-band
allowed the measurementwith a spectrum analyzeof mi- microwave emissionFig. 2(b)] having almost the same
crowave radiation and the coupling of an external HF field topower as that observed for the free oscillation. The linewidth
the active mesa. A synthesizer with an external attenuatasf the locked oscillatiofiinset of Fig. Zb)] was less than 100
provided radiation within a bandwidth of less than 100 Hz. Hz, which is (within the frequency resolution of our spec-

The current—voltagé —V) characteristi¢Fig. 1(b), solid  trum analyzer equal to the linewidth of the external source.
line] of the active mesa showed ohmic behavior at smalFrequency locking was found within a locking range of
voltages, a current maximum and, at higher voltages, a negabout 1 MHz.
tive differential conductancéNDC) with current jumps. For The free oscillation in region 2 was almost linearly tu-
the maximum current, a peak current density of about 11Meable[Fig. 3a)] by about 800 MHz. The powdFig. 3(b)]
kA/cm? and a peak drift velocity of about #510° cm/s were  decreased by about a factor of six over the whole tuning
estimated. Microwave emission was observed at voltagesange. At present, we have no explanation for this tuning
from 1.4 up to 2.4 V. Between the first and second currenbehavior.
jump [marked as region 1 in Fig.(})] broadband emission We attribute the transport to free electrons in the lowest
around 103 GHzbandwidth several 100 MHzoccurred; superlattice miniband. Using a modified Kronig—Penney
after the second current junjpegion 2 in Fig. 1b)] a nar-  model! we found a miniband width of about 120 meV. We
rower line was found. The emission line in regionRAg. calculated the current—voltage characteristic of the active su-
2(a)] had a center frequency near 103 GHz with a linewidthperlattice mesa using the Esaki—Tise/ characteristic, tak-
of about 1 MHz. By changing the position of the tuner stubs,ng into account the electron distribution at 308 &d both
the output power was optimized. We found a maximumelastic and inelastic scatterifigThe 1-V characteristic is
power of about 0.5 mW, which corresponded to a conversiogiven by | =21 ,V/{V[1+(V/V)?}, where
efficiency fr_om dlrect—c_urren(tdc) to I-_|F_power of 0.3%. _ Ad 1,(A/2kgT) v, |12

We attribute the microwave emission to a current oscil- |p=enAE | (A2kaT) ( ) ,
lation excited by propagating dipole domains. According to a 0 B
simulatior’ based on the Poisson equation, the continuityl , is the maximum curreny/ the voltageV =#L/(edr) the
equation, and an Esaki-Tsu drift-velocity field onset voltage of the NDQ) the carrier concentratiorg the
characteristi¢, a dipole domain forms at the cathode andelementary chargd the area of the active mes& the mini-
propagates through the superlattice. Near the anode the dband width,d the superlattice period, Planck’s constant,g
main is quenched, causing a current spike in the externand |, are the modified Bessel function of zeroth and first
circuit and another domain appears at the cathode. This prarder, T is the temperaturekg Boltzmann’s constant;r
cess periodically repeats leading to a current oscillation with=[ v (v.+ ve ] ¥? is an average intraminiband relaxation
a transit frequency~0.7v,/L, where 0.7, is the domain time, v, the inelastic, and the elastic scattering rate. As-
velocity andv, the peak drift velocity. The frequency ob- suming a series resistance ofth the calculated—V char-
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acteristic(Fig. 1, dashed linegives a good description of the ized by electron acceleration and energy relaxation times on
main parameterd (, V. ,and small-field conductancef the  the order of 1 p¥ imposing a fundamental frequency limit
experimental curve and also showed an NDC. Our analysisf below 100 GHz for a GaAs Gunn devittThe superlat-
delivered 7~150 fs, v,~0.3x 101, and v, ~1.2<10*® tice device can be operated at a fundamental frequency
s 1. We suggest that the inelastic scattering at room temabove 100 GHz, which is possible due to an order of mag-
perature was due to interaction with optical phonths, nitude shorter average relaxation tirt®e15 p3.%*°
while the elastic scattering was caused by the interface In conclusion, we have shown that a GaAs/AlAs super-
roughness between the GaAs and AlAs layers as discusséattice with very thin barrier§2 monolayerscan emit high-
for other superlattice5:*? For voltages larger than the volt- frequency radiation with a frequency above 100 GHz and
age of the first current jumfFig. 1(b)] our calculation is no  with a high-frequency power of 0.5 mW. The oscillator
longer valid, because the field along the superlattice is ndbased on our superlattice device had a much larger output
homogeneous and propagation dipole domains occurred. power than available from the best reported GaAs—AlAs
We attribute the frequency locking of the current oscil- RTD oscillator and was operated in a fundamental harmonic
lation to a synchronization of the domain propagation in themode at higher frequencies than a GaAs Gunn oscillator.
superlattice by an external HF field. Within a small range of _ .
the driving frequency(locking range the domain velocity E.S. acknowledges financial support from the ER-
was adjusted by the external field leading to a driven transif ERACT Project: FMRXCT 960092 This work has been
frequency equal to the driving frequency. Assuming that the?UPPorted by the EPSRC of the UK. We thank J. Middleton
linewidth of the free oscillation was mainly determined by and J. Digby for their help an advice during the device pro-
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