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Current oscillation in superlattices with different miniband widths

E. Schomburd, T. Blomeier, K. Hofbeck, J. Grenzer, S. Brandl, I. Lingott, A. A. Ignatov, and K. F. Renk
Institut fir Angewandte Physik, Universtt&egensburg, Universitsstrasse 31, D-93040 Regensburg, Germany

D. G. Pavel'ev and Yu. Koschurinov
Department of Radiophysics, Nizhny Novgorod State University, Nizhny Novgorod, Russia

B. Ya. Melzer, V. M. Ustinov, S. V. Ivanov, A. Zhukov, and P. S. Kop'ev
A.F. loffe-Physico-Technical Institute, St. Petersburg, Russia
(Received 5 January 1998

We report on current oscillation at microwave frequencies-doped wide-miniband GaAs/AlAs superlat-
tices. We found that, with increasing miniband widfl6—72 meV, the oscillation frequency increasédom
2 to 53 GHz. An analysis of the current transport, making use of the continuity and Poisson equation, indicates
that the current oscillation was due to propagating dipole domains and that the oscillation frequency corre-
sponded to the transit frequency of the domaj&9163-182¢08)02931-7

In recent years it has been demonstrated that doped Esakir Fig. 1. Thel -V characteristics were antisymmetric, show-
Tsu superlatticds can exhibit negative differential ing Ohmic behavior for small voltages and a negative differ-
conductanceand that undoped superlattices can show phoential conductance at larger voltages. In the region of nega-
toexcited damped current oscillatidnRecently, a high- tive differential conductance at positive voltaggsound on
frequency self-sustained current oscillation at 6 GHz in dhe top contagt current jumps appeared indicating space
wide-miniband superlatticéminiband width 50 mey was  charge instabilities. The voltages at which the current jumps
Observe(f'; the oscillation frequency Corresponded to theOCCUrred and their helghts were different for the different
transit frequency expected for traveling dipole domains. ItSuperlattices. For negative voltagéground on the sub-
was predicted earlirthat, in materials(such as wide- Stratg, we found after the current maximum a region of
miniband superlatticésin which electrons experience Bragg negdative differential conductance with a smooth slope; cur-
reﬂection, d|po|e domains can occur. In this paper we reportent oscillations did not occur. We attribute the asymmetry to
on self-sustained current oscillation in doped wide-miniband® geometric asymmetry of the mesa elements having, as sug-
GaAs/AlAs Super|attice$at room temperatu)’ej\/ith differ- gested from Ref. 7, a conuslike Shape rather than a Cylindri-
ent miniband widths. cal form due to under etching.

We prepared, by molecular-beam epitaxy, superlattices From the peak current we obtained a peak drift velocity
with different miniband widthgTable |) by choosing differ- v (Table ), which increased for our superlattices by a factor
ent well(GaAs and barrier(AlAs) thicknesses. The width of of 21 when the miniband width increased by a factor of 4.6
the lowest electron miniband was calculated with a Kronig-(from 2X 10> cmis, for a 16-meV miniband width superlat-
Penney modél. The superlattices were of almost equaltice, up to 4 10° cm/s for a 72-meV superlattizeThe
length L~0.6um), with one superlattice being much dependence suggests that the transport in our superlattices

shorter(0.45 um). The superlattices were uniformly doped Was mainly carried by electrons in the lowest miniband. The
with Si (107 cm™3) and laterally structured into mesa ele- strength of the electric field in the superlattices at the critical

ments(typical mesa area 2010 um?). voltageV,, i.e., the voltage of maximum current, was almost
For the study of the self-sustained current oscillation, we
used a broadband 00 MHz—-67 GHz measurement circuit. TABLE |. Structural data and experimental results of our super-

One mesa element of each superlattice was connected withlatices.
50-) coaxial transition line with a high-frequency probe

needle(picoprobe 67 A Via the probe, a constant voltage in A  Well Barrier Length D?pings Up Vosc
the range of negative differential conductance was applied témeV) (&) (&) (um) (10" cm™) (10° cmis) (GH2)
the mesa elem_ent_resultlng ina dlr_ect and an oscillating CUr- 16 310 196 055 0.8 > >
rent. The oscillating current excited an electromagnetic
. - . 48.6 13.0 0.74 13 9 9
wave, which was guided by the coaxial cable to a spectrum
. . . . . 43 513 8.7 0.60 1.4 20 20
analyzing system(Tektronix 2782, with different mixejs 46 480 90 057 0.8 o7 29
where the spectra of the Hfhigh-frequency current oscil- 55 40'0 10'0 0'5 0'8 a1 46
lation were registered. The HF circuit and dc circuit were ' : ' '
36.4 9.3 0.64 1.0 41 53

separated by a bias tee.
Current-voltage [-V) characteristics of the superlattices 72 354 96 045 0.9 34 65
with different miniband widths and equal lengths are shown
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right after the first current step in a range between 1.2 and
FIG. 1. I-V characteristics of superlattices with different mini- 3.7 V. At voltages between 1.2 and 2.8 V, the oscillation
band widths; dashed lines indicate regions of current oscillation. frequencyr,s. Was almost constant at 9 GHz and up to four
higher harmonics occurred. At higher voltages the oscillation
independent of the miniband width, and had a value-@#4  frequency increase@ip to 18 GHz at 3.7 Yand the number
kVvicm. of harmonics decreased. The HF power of the fundamental
We observed current oscillation in our superlattices in theand the first two higher harmonics changed within a factor of
region of negative differential conductance at positive volt-3 in a wide voltage rang€l.7—2.8 \J; beyond this range the
ages(dashed regions in Fig.)1The voltage dependence of power was significantly smaller. We found that the oscilla-
the harmonics of the current oscillation for the 22-meV su-tion frequency and the HF power changed abruptly at volt-
perlattice is shown in Fig. 2. We observed current oscillationages, where current steps occurred, while in smooth parts of
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FIG. 3. Fundamental harmonics of the current oscillation of superlattices with different miniband widths and almost equal length.
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FIG. 4. Current oscillation frequencies for superlattices with dif- using a semiclassical moo‘éWhich takes into account in-
ferent peak drift velocitie¢squares, experiment; triangles, simula- elastic and elastic intraminiband relaxation,

tion).
A
the current-voltage characteristic the oscillation frequency Aa Iy okT v (112)
and the HF power were almost constant or changed continu- Vo= a7 A (V T (1)
ously. | (_) e Vel
The spectra of the fundamental harmonics for different o\ 2kT

superlattices biased at the same voltage related to the critical
voltage (~2V,) are shown in Fig. 3. We found that with Wherea is the superlattice periody the miniband width}
increasing miniband width the oscillation frequency in-andlg the first and second modified Bessel functiop,the
creasedfrom 2 GHz for the 16-meV superlattice up to 53 inelastic scattering rates, the elastic scattering raté&,tem-
GHz for the 72-meV superlattiteThe highest HF power of perature,k Boltzmann’s constant, antl Planck’s constant.
500 uW with a conversion from dc to HF power of1%  The ratio of the modified Bessel functions describes a reduc-
was observed for the 43-meV superlattice at an oscillatiofiion of the drift velocity due to a thermal distribution of the
frequency of 20 GHz. The fundamental harmonics of theminiband electrons at the temperatdré Elastic scattering,
superlattices showed different line widttfall width at half- ~ caused by the roughness of the superlattice interfaces or de-
maximun) in the range from about 3 MHZL6-meV super- fects, also leads to a reduction of the drift velocity, described
lattice) up to less than 10 kHZ46-meV superlattice At by the last factor of Eq(1).® Our calculation T =300 K)
present, we have no explanation for the different linewidthsdelivers a good agreement with the experimental peak drift
In Fig. 4 we plotted the experimental ddtguaresof the  Vvelocities (Table ) of our superlattices for, /(v,+ ve)
oscillation frequency .., Vversus the peak drift velocity. ~0.25. A similar value was reported for undoped superlat-
The straight line, calculated by the ratigs=0.7 v, /L (L tices studied by time-of-flight measuremetftsTaking into
—0.6,um), described well the dependence of our experi-account the critical voltadeV.=(fi/€)NvYq v+ ve) Y2
mental data. For the 72-meV superlattices with differentwhereN is the number of superlattice periods amthe el-
length, we found that a decrease of the length led to aementary charge, we estimated the elastig (2" s™) and
increase of the oscillation frequen¢from 53 to 65 GH},  the inelastic (% 10'? s™1) scattering rate. We suggest that
although the shorter superlattice had a slightly smaller peathe inelastic scattering in the superlattices at room tempera-
drift velocity than the longer one. From our results, we con-ture was due to interaction with optical phondhs? Differ-
clude that the oscillation frequency strongly depends on thent peak drift velocities for the 72-meV superlatti¢Egy. 4,
peak drift velocity and the length of the superlattice. Table ) were probably due to different elastic scattering
For an analysis of our experimental results, we comparedates caused by different qualities of the interfaces between
the peak drift velocity of the superlattice with a calculation GaAs and AlAs layers.
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We simulated the current through the superlattices with drequency almost corresponded to the experimental oscilla-
model, which has been earlier developed for Gunn deVites. tion frequencyv,. (Fig. 4: squares, experiment; triangles,
Our analysis included a self-consistent calculation of thesimulation). The estimated domain velocity for the superlat-
one-dimensional Poisson equatiodE/dz=(eleqe)(ny  tices biased at ¥, was about 0.7,. The appearance of
—Ny) and the time dependent continuity equatiéfng domains resulted also in a jump and a decrease of the direct
—Ng)/dt=—(1/e)(dj/3z), whereE is the electric fieldz  current as observed in theV characteristicgFig. 1). .
the direction along the superlattics axis, the electric-field ~ Figure 5 shows results of the calculation of the spatial
constantg the dielectric constant of the superlattice material,fi€ld and carrier distribution inside the 22-meV superlattice
ng the charge densityNy the doping level,j=enwp ata voltage of.S/C ..The carrier distribution has the shape of
—ed(Dny)/dz the current density and the time. We as- a dipole domain with a depletion layer followed by an accu-

sume a h ol anspor poperes were cetemine 517 Y, Coriesboringlo ne caer cauton e
a velocity-field characteristiop=2v,E/{E[1+ (E/EQ)?]} P P 9

LT o region (with a value up to &) and a low-field region. The

and a field-independent diffusion teily calculated from the . S o )

Einstein relatiorD = (kT/e) ., whereEq=V,/L is the field “dth of & domainiis about a third of the superlattice length.
: . . This is consistent with the observation of higher harmonics

at the onset of negative differential conductance, and . o . ; T

_ - . . . (Fig. 2). A similar field and carrier distribution was also

=2v,/E. is the low-field mobility. We used the doping found for the oth latti

level, the length of the superlattice, and the valugsand ound for the other superlattices.

V £aken from thel -V characteristiés as input parameters With a total high-frequency power of about 5pV (43-

focr'the simulation of the evolution of t’he car?ier%ensity in- meV superlatticg a superlattice may be suitable for a low-

side the superlattice. For the calculation, we assumed that Rower oscillator. We suggest that the oscillation frequency of

. . : tRis superlattice oscillator can be chosen by an appropriate
consta_mt VOItage/ was applied to the superlattice, with the choice of the GaAs and AlAs layer thickness, and the length
conditionV= [;Edz

. . of the superlattice.

For_voltages Iarg_er thgwc, ihe s_|mulat|on ShOW.ed the In conclusion, we showed that the current oscillation fre-
formation of a traveling dipole domain. After the build up of uency in superlattices with different miniband widths in-
a domain, a stationary state appeared, where the traveling,saq proportionally to the peak drift velocity, which
domain kept the shape constant due to a dynamical equiliksyong1y depends on the miniband width. A decrease of the

rium between drift and diffusion processes. The velocity ofg e jattice length leads to an increase of the oscillation fre-
the domainv 4o, depended on the field outside the domain; q,ency. A numerical analysis based on a local velocity-field
Vgom Was smaller than the peak drift velocity. At the anode characteristic and a field-independent diffusion term showed

the dipole domain was quenched, causing a current spike ifh5¢ the current oscillation was due to traveling dipole do-

the external circuit, and another domain appeared at the caths5ing and that the oscillation frequency corresponded to the
ode. The process of domain formation and quenching wag it frequency of the domains.

repeated periodically leading to a current oscillation at a
transit frequency equal to the domain velocity divided by the We would like to acknowledge fruitful discussions with
superlattice lengthi,s= v gom/L). We found that the transit A. Wacker, G. Schwarz, and E. Sdho
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