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Single-electron transport in small resonant-tunneling diodes
with various barrier-thickness asymmetries
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We fabricated submicrometer-diameter double-barrier diodes from four wafers with different barrier-
thickness asymmetry. All samples exhibit staircaselike features in the current-voltage characteristic at the
current threshold due to single-electron tunneling. Our study focuses on the properties of the first current step
which arises from tunneling through the energetically lowest discrete electron state within the double-barrier
region. The analysis of the bias position of the step allows a spatial spectroscopy of the vertical position of the
lowest discrete level in the double-barrier region. The magnitude of the step is in excellent agreement with
theory for all barrier-thickness asymmetries whereas the broadening of the step edge exceeds the lifetime-
related width of the discrete state by one order of magnit8@163-182806)07743-Q

[. INTRODUCTION experimental results for these three parameters are compared
with theoretical predictions as a function of the barrier-
Single-electron tunneling through zero-dimensiof@D)  thickness asymmetry. In Sec. V, we give a brief summary of
states in double-barrier diodes attracted considerable expeur results.
mental and theoretical interest in recent yeéafs.Experi-
mentally, two different methods were employed to investi-
gate discrete states by tunneling: On one hand, quantum dots Il. SAMPLE PREPARATION
with OD states were generated by adding a lateral confine-
ment to the vertical double-barrier confinement by etching In order to cover a wide range of barrier-thickness asym-
submicrometer-diameter pillats’® focused ion-beam metries systematically, four double-barrier heterostructures
writing,***2or hydrogen-plasma-induced depletirOn the ~ were grown by molecular beam epitaxy onrantype GaAs
other hand, tunneling through discrete impurity-related statesubstrate as followt& A 10 nm wide GaAs well is embedded
in the quantum well of large-area devices was studfett ~ between two A} ;Ga, -As barriers. The thickness of the bot-
In both cases, staircaselike features are observed at the ons@m barrierb, varies in steps of 1 nm from 6 nm to 9 nm
of the current in the current-voltage characteristic. Thesevhile the top-barrier thickness is fixed at 5 rire., struc-
steps are known to arise from consecutive tunneling eventiires 5/6, 5/7, 5/8, and 5/9Contact layers of 300 nm GaAs,
of single electrons through discrete electron levels. n-doped with Si to 410" cm~2 and separated from the
The purpose of this work is a detailed analysis of singledntrinsic double-barrier region by undoped 7 nm wide spacer
electron tunneling through small double-barrier structures akyers, complete the heterostructures.
a function of the barrier-thickness asymmetry. This param- Following the technique developed in Refs. 1 and 2, we
eter determines the occupation probability of discrete elecfabricated devices with submicrometer diameter from the
tron states in the quantum wéflOur study is based on four wafers. By employing electron-beam lithography and lift-off
wafers with different barrier-thickness asymmetry. In ordertechniques, we deposited AuGe/Ni disks on the frontside of
to fabricate laterally-confined devices with discrete states, wéhe wafer. These metallizations serve first as etch masks for
etched submicrometer-diameter pillars from these waferghe following reactive-ion etching step and second as Ohmic
All devices exhibit staircaselike features in the low- top contacts of the devices. AuGe/Ni was evaporated on the
temperature current-voltage characteristics due to singldsackside of the wafer as well in order to provide the bottom
electron tunneling. Particular emphasis is put on the properontact of the resonant-tunneling diodes. Using Si€ir
ties of the first current step in the current-voltagereactive-ion etching, we fabricated free-standing pillars with
characteristics which is the consequence of tunnelingx diameter of several hundred nm and a typical height of 500
through the energetically lowest discrete level within thenm. The structures were planarized with a polyimide layer
double-barrier region. Our paper is organized as follows: Thevhich was then partially etched back in oxygen plasma to
fabrication of submicrometer-diameter devices is describedeexpose the top contacts. The polyimide serves as an insu-
in Sec. Il. Section Il is devoted to a general discussion oflating base for large-area Cr/Ag/Au bond pads which were
staircaselike features exhibited by the current-voltage chaffinally evaporated on top of individual devices by employing
acteristics. In Sec. IV we focus on the first current step. Thisstandard photolithography. Figure 1 shows both a sketch and
step is analyzed with respect to its position in bias, to itsa scanning-electron-microscope image of a typical sample
magnitude in current, and to the broadening of its edge. Thbeefore planarization.
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TABLE I. Nominal pillar diametersd, and current thresholds
V; of the four devices considered in Fig. 2 as well as the calculated
voltage-to-energy conversion coefficienis and occupation prob-
abilities n; of the lowest discrete leves for both negative and
positive bias. The values for™ are valid if S is located at the
center of the quantum well.

dp Vg Ve a ot ng ,ng
(nm) (mV)
5/6 350 12.2,15.0 0.48,0.51 0.87,0.28
5/7 350 17.3,17.3 0.47,0.53 0.97,0.08
5/8 500 28.4,26.3 0.45,0.54 0.99,0.02
5/9 350 51.3,45.5 0.44,0.55 1.00,0.00

FIG. 1. Sk . ) . illar diameters ofd,=350-500 nm, see Table |. Staircase-
.1 etch and scanning-electron-microscope image of p . . .
submicrometer-diameter resonant-tunneling diode supplied with _ke features are observed If? the current for bOth_b'aS polari-
metallic disk which serves as top contact. The dashed lines in thH€S as & consequence of single-electron tunneling from the
sketch illustrate the depletion layer at the pillar surface, which con€mitter contact through discrete 0D states in the double-
fines the electrons to the central core of the pillar. barrier region. The underlying physics is illustrated in the
sketch of Fig. 2: At zero bias, all discrete levels in the quan-
tum well lie above the Fermi level in the contacts, which

The dc current-voltage characteristi€y’) of the samples prohibits resonant tunneling. Current steps occur whenever

were recorded in a dilution refrigerator operating at its bas@"€ Of these levels becomes energetically available for trans-
temperature off =23 mK. The bias voltage was applied to port by being pulled b_elow_ the Fermi level m_the emitter
the top contact with respect to the substrate. Figure 2 showgPntact due to the applied bias voltage. The emitter states are
the threshold region of thE(V) curves of four devices fab- of three-dimensional3D) nature since the lateral quantiza-

ricated from the heterostructures 5/6, 5/7, 5/8, and 5/9 wittion in the contacts is destroyed by doping-induced disorder.
The shape of the staircase depends strongly on the ratio

I'e /T’ of the emitter- and collector-barrier tunneling rates.
This ratio determines the occupation probability of the dis-
crete levels in the quantum well. Fb>T"¢, electrons en-
ter the quantum well rapidly but leave slowly, which leads to
strong electron accumulation in the well. In the opposite
case,I'c<I';, electrons enter the quantum well slowly but
escape rapidly. Hence, the accumulation of electrons in the
well, or charging, is negligible. We distinguish the cases of
strong intermediate andweakcharging of the discrete lev-
els which correspond td'g>T'¢, I'e~I'¢, andI'g<I'¢.
ForI'e>T' (heterostructures 5/7, 5/8, and 5/9 with negative
biag, (V) staircases with smooth plateaus and steps of
roughly equal height are observed. In ideal quantum dots
with a soft lateral confinement potential, every step corre-
sponds to an additional electron which is dynamically accu-
mulated in the quantum dot by overcoming the electron-
electron Coulomb repulsion, the so called Coulomb
blockade*®2> Magnetotunneling measurements reveal that
in our samples the staircases arise from an intricate combi-
nation of Coulomb blockade within the whole double-barrier
region and fairly independent tunneling through several local
potential minima in the double-barrier region. Such minima
originate from single impurities inside the quantum wéll,
from potential fluctuations due to the heavily doped
contacts® or from well-width fluctuationg® It is interesting
FIG. 2. Low-bias current-voltage staircases of four submicromelO note that the staircase of the device from wafer 5/7 starts
ter diameter samples fabricated from the heterostructures 5/6, 5/With a step whose magnitude is roughly twice as large as that
5/8, and 5/9 for negativés) and positive bias polarityb) (T=23  Of the other steps. This is probably the consequence of tun-
mK). The sketch above shows the energy diagrams of a resonanfeling through two independent local potential minima with
tunneling diode with discrete states in the quantum well for zercalmost equal energy. Fdre~1I"¢ (heterostructure 5/6 for
and finite bias voltage. both bias polarities a complicated sequence of small steps
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sured to be 50—100 nm in our double-barrier structéfes.
According to Eq.(1), the difference corresponds to a 10-15
meV smaller energ{e which is close to the binding energy
of a donor in the center of a 10 nm wide quantum ¢&ll.
Hence, our interpretation is th8tis provided in the samples

Emitter Collector from wafers 5/6, 5/7, and 5/8 by an unintentional donor in
Emitter  Collector the quantum wel(in contrast to the device from heterostruc-
Vs ture 5/9. This conclusion is supported by an estimate of the
08F — / . . lateral extension of the wave functions &f in the four
i samples from the magnetic-field dependenc&gofin anal-
06 v z
ogy to Ref. 8.

- 04r 10nm For a given device, we expect the first current step to
0.2 s occur for negative bias at higher absolute voltage than for
0.0 T "m positive bia:s,vs‘>vs+ , since for positive bias a larger part
0.2} 0nm of the applied voltage drops accross the emitter barrier than

L L L for negative bias due to the barrier-thickness asymmetry, i.e.,

a™>a~. This effect is shown by the sketch in Fig. 3. For
bb (nm) the more asymmetric devicdwafers 5/8 and 5)9we ob-
serve indeed/; >V_, whereas the sample fabricated from
FIG. 3. Energy diagrams of an asymmetric double-barrier deheterostructure 5/6 shows the opposite behavior.
vice which illustrate that the bias position of the first current step  For a quantitative treatment, we define the relative differ-

V, is for negative bias larger than for positive bias. The plot belowance of\V- andV? as test parametey. From to Eq.(1), we
shows the relative differencg= (Vs —VJ)/(Vs +Vy) as afunc-  yarive s s

tion of the thickness of the bottom barrier. The experimental values
(M) are compared with numerical resulisonnected by solid, VS_—V;r at—a”
dashed, and dotted lines, as explained in the)tekte vertical n= VARV = T +a
position of the lowest 0D states in the 10 nm wide quantum wells is S S
measured by the axis from the lower dotted line, which corre- Figure 3 compares the measured relative differenceg_of
sponds to the interface between the thick barrier and the quantur@ndvgr with values obtained by calculating® anda ™. The
well. conduction-band profile required the calculation was com-
] ] ) puted with a one-dimensional Poisson solver in Thomas-
and wiggles is superimposed on the plat%aus as a Consgermj approximation, in order to take the voltage drops in
quence of tunneling through excited stdt¥*°and fluctua-  the contacts due to electron accumulation at the emitter bar-
tions of the density of states in the emittThese phenom- rier and electron depletion at the collector barrier into ac-
ena are concealed in caselgf>I'c but become even more coynt. Sincex™ depends weakly on the applied bias voltage,
pronounced fol'e<I'c (heterostructures 5/7, 5/8, and 5/9 gach sample was biased\4f in the calculation. Moreover,

2

with positive biag. it was assumed th& is located at the center of the quantum
well, i.e., at a distance of 5 nm from each barrier. Table |
IV. CURRENT STEP ANALYSIS gives «*, as evaluated using the nominal layer parameters.

The solid line in Fig. 3 connects the corresponding values for
7, which exceed the experimental results.

In the following, we focus on the first single-electron-  In order to reveal the origin of this discrepancy, we dis-
tunneling current step which is due to tunneling through thecuss first the influence of the spacer thicknesses:oAs a
energetically lowest discrete stafwith energyEs. The  consequence of growth-induced donor segregation from the
condition for the observation of the first current step is givenbottom contact, the bottom spacer layer is expected to be
by thinner than the nominally grown 7 nm. The top spacer layer

is expected to be wider than 7 nm for the same reason.
Vs=(Es— ,uCEh)/ea (1)  Therefore, the part of the bias voltage that drops in the bot-
tom spacer is reduced while the voltage drop across the top
with ug" the chemical potential in the emittésee the sketch spacer is increased. This reduces and increases ™, i.e.,
in Fig. 3. Here, Eq and u" are evaluated from the 7 is reduced. In order to get an upper limit for this effect, we
conduction-band edge in the quantum well and emitter, reassume a vanishing bottom spacer and a top spacer thickness
spectively. The voltage-to-energy conversion coefficientof 14 nm. Although good agreement between the computed
a=~ 0.5 is proportional to the part of the bias voltage whichvalues(dashed line in Fig. Band experiment is obtained for
drops between the emitter contact and the discrete BWel the devices from wafers 5/7, 5/8, and 5/9, a striking deviation
the quantum well. Table | shows th¥t is for the devices remains for the sample from wafer 5/6. This calculation
fabricated from wafers 5/6, 5/7, and 5/8 about-ZD mV  demonstrates that the influence of the spacer thicknesses on
smaller than for the device made from heterostructure 5/97 is small, in particular if more realistic thicknesses than
We want to emphasize that this effect is not correlated wittabove are considered.
the pillar diameter of the devices, since all devices are far Second, we study the influence of the vertical position of
from pinch-off, i.e., all pillar diameters are larger than twice S in the quantum well or;: The upper dotted line in Fig. 3
the width of the depletion layer at the pillar sidewall mea-was calculated fo8 located exactly at the interface between

A. Step position
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the quantum well and the thin top barrier, the lower dotted

line results forS located at the interface between the thick

bottom barrier and the quantum well. Here, we used the

nominal layer parameters for the calculation. In principle, all

values between the two dotted lines are possible, depending

on the vertical position o6 in the quantum well. Note, how-
ever, that the vertical position d& is determined by the
center of mass of the probability density of its wave function.
Thus, the vertical positions d& and of the corresponding
potential minimum are typically close but in general not

Al (nA)

identical due to the repulsive influence of the barriers on the

wave function. IfSis related to a donor located at one of the

interfaces between the quantum well and the barriers, for
example, its wave function is pushed by the barrier into the

guantum well, i.e., the vertical position & is within the
guantum well though close to the interface.
Summarizing all numerical results, we conclude thas

Al (nA)

only weakly dependent on the spacer thicknesses but very

sensitive to the vertical position & in the quantum well.
The comparison of the experimental valuempfvith theory

the nominal ones.
The method is exemplified by the axis in Fig. 3. It
measures the position @ in the quantum well from the

with detailedl (V) measurements in magnetic fiéfiwhere

0.1
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I h . h ical s f di FIG. 4. Dependence of the height of the first current siege}
aflows us thus to de?ermlne the vertica p05|t|0n' o d'screteon the thickness of the bottom barrier for negati@eand positive
states in double-barrier heterostructures. We estimate the agp, o polarity(b). The experimental step heightllj are compared

curacy of this spatial spectroscopy to 1 nm, limited by poS+,ith numerical results which are connected by a solid line.
sible deviations of the actual heterostructure parameters from
dimensional subband in the quantum Wwéfi This formula is
based on sequential tunneling and holds for arbitrary charg-
ing conditions. The current-step height is dominantly con-
lower dotted line, which corresponds to the interface betrolled by the thicker barrier: In the strong charging limit

tween bottom barrier and quantum well. For the device from(I'c>T(.), the current-step height is determined by the
wafer 5/6, for example, we find th&tis located at a distance collector-barrier tunneling procesd|~el'. In the weak-
of 3 nm from the bottom barrier. This conclusion compliescharging limit ' g<I'c) resultsAl~2el'g, i.e., the magni-

tude of the current step is determined by the emitter-barrier

we deduced from the separation between the ground stat@nneling process. The factor 2 stems from the possibility for
and the first excited levels of the local potential minimumelectrons of either spin to tunnel independently through an
that it is provided by an off-center donor close to one of theempty spin-degenerate level. In the strong charging case, the
barriers. level is always occupied with one electron, and Coulomb

Note thatS is in all samples considered in Fig. 3 located repulsion prevents a second electron of opposite spin from
closer to the bottom barrier than to the top one. In order tqunneling.
check the relevance of this common feature, we analyzed a The current on the plateau which follows the first step
large number of single-electron-tunneling steps in many difincreases with bias in the strong charging limit whereas it
ferent devices processed from all four wafers. The corredecreases in the weak charging limit. This phenomenon is in
sponding OD states are typically located at a distance ofig. 2 most clearly exhibited by the devices fabricated from
2—5 nm from the bottom barrier which was grown first heterostructures 5/8 and 5/9. In the strong charging case, the
during epitaxy. This provides strong evidence that the majorcurrent Al ~el'. increases with bias because the effective
ity of the discrete states arises from growth-induced segregaollector-barrier height is reducéudith respect to the energy
tion of Si donors from the bottom contact into the nominally of S) and the density of final 3D collector states is increased
undoped double-barrier region. (at the energy 08). In the weak charging limit, in contrast,
the currentAl =~ 2el'g decreases with bias since the effective
emitter-barrier height increasésith respect to the energy of
S) and the density of initial 3D emitter states decreasts
Ithe energy ofS).

Using Eq.(3), we calculated the current-step height after
_computing the tunneling rates based on the self-consistently
pbtained conduction-band profile of the devices. Figure 4

reveals good agreement of numerical results and experimen-

tal data independent of the barrier-thickness asymmetry. This

agreement confirms not only that the staircases arise indeed

3) from single-electron tunneling but it shows, moreover, that
the actual barrier thicknesses of the heterostructures match

(with Tz and T the emitter- and collector-barrier transmis- the intended values very well.

sion coefficients andg, the energy of the quasi-two- The calculation demonstrates also that our experiment

B. Step magnitude

Figure 4 shows that the magnitudd of the first step
decreases fairly exponentially with increasing bottom-barrie
thickness for both bias polaritievalues are corrected ac-
cording to the number of independent contributing 0D lev
els). The current-step height is related to the emitter- an
collector-tunneling ratesi“E%TE,uEh/h and I'c~TcEy /A
through

Al =2€FEFC/(2FE+ rc)
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the measurement circuit were previously invoked as expla-
AV nations for similar experimentally observed extra
:': - broadening$:* In our case, we estimate the ac pickup signal

' le in the measurement circuit to be much smaller than the ob-

v ] served width ofAV~0.4 mV3! Joule heating of the electron

TF 3 bath in the emitter contact and the voltage drop at Ohmic
i ] contact resistances do not account for the observed phenom-

di/dv

10F

sauul

AV (mV)

(a) enon as well: Both effects increase the width but, in contrast
] to our experimental results, they become more pronounced
' ' ' with increasing current-step height, i.e., with decreasing
thickness of the bottom barrier. Scattering processes in the
double-barrier region can be also ruled out: Interface-
roughness and impurities in the double-barrier region are no
. ] source for elastic scattering but contribute to the potential
01F (b)1§ landscape which defines the lowest OD state. Inelastic LO
i ! . . . ] phonon emission during tunneling may lead to a replica of
6 7 8 9 the first current step at a bias voltage\af+ A w, o/ea, but
bb (nm) does not cause any extra broadening of the step édijle
ho olea~=70 mV usinghiw _o=36 meV as LO-phonon en-
FIG. 5. Dependence of the broadening of the step edges on tHrgy of GaAs.
thickness of the bottom barrier for negatiy@ and positive bias Recently, Imamet al*? suggested that the interaction of
polarity (b). The broadening was deduced as half width at halftunneling electrons with charged donors in the depletion
maximum of the corresponding peak in the differential conductancdayer of the collector contact can generate an anomalously
(insed. The experimental resultdl) are compared with calculated large broadening. This mechanism depends, however, on the
values of the lifetime broadening of the resonant lefeeinnected ratio of the tunneling rated’c/T'c, i.e., on the barrier-
by a solid line. thickness asymmetry and bias polarity, which contradicts the
observed independence of the extra broadening of this pa-
covers for negative bias the time scale of rgmeter.
[c'~101-10"° s with Tg*~10"* s and for positive Now, we discuss the influence of scattering processes in
bias the regime of c'~101°- 1078 swith'c'~10"''s.  the contacts. Inelastic scattering in the collector contact is
The ratio of the tunneling rates varies over five orders ofirrelevant for the width of the current-step edge: the tunnel-
magnitude 'z /T'c~10"3— 10, while the occupation prob- ing electrons which form the edge have an excess energy of

01F

AV (mV)

ability of the discrete levéf eV; in the collector measured from the Fermi level. The
energy relaxation which follows tunneling is in the device
ng=Allel'c=2Tc/(2Tc+T¢) (4)  fabricated from heterostructure 5/9 much faster than in all
. others, since the excess energy is solely in this sample higher
varies from zero to one, see Table I. than the LO-phonon energfiw, o. Therefore, if inelastic
scattering in the collector were the origin of the extra broad-
C. Step edge ening, the width of the step edge would be in the device from

The current steps exhibit a finite broadening at the edge/Vafer 5/9 much larger than in the others, in contrast to ex-
This broadening can be measured as half width at half maxiPeériment. _ _
mum of the corresponding peaks in the differential conduc- SCattering processes in the emitter contact are, however, a
tance. Figure 5 shows that the experimental result is of th@0Ssible source for the observed extra broadening: The re-
order of AV~0.4 mV with no significant dependence on laxation of the holes generated by tunneling electrons in the
either the barrier-thickness asymmetry or the bias polarityeMitter due to inelastic scattering leads to a broadening re-

For comparison we calculated the lifetime broadening of thdl€cted in the width of the edge of the current steps. Even
quasibound states elastic electron-impurity scattering processes were reported

to broaden the energy distribution function at the Fermi
AV=AE/ea=#(Tg+T¢)/2ea (5) edge® Extra broadening due to scattering processes in the
emitter should be independent of the barrier-thickness asym-
from the natural linewidtAE=7%/27 with 7=1/(T'g+T'¢) metry in agreement with our experiment.
denoting the intrawell lifetimé? It is similarly independent Very recently, extremely sharp current-step edges of the
of both the barrier-thickness asymmetry and bias polarityorder of AV~ 0.05 mV were observed in two experiments on
since the lifetime is dominantly determined by the decaysymmetric resonant-tunneling diod€<® The employed
through the thin barrier whose thickness remains unchangedouble-barrier structures had, however, very low transpar-
The calculated values are, however, more than one ordemncy barriers with a several orders of magnitude longer natu-
of magnitude smaller than the experimental results. Thermalal lifetime compared with our devices, i.e., not only the
broadening does not explain this discrepancy skfkis at  measured broadening of the step edge but also the theoretical
T=23 mK even smaller than the natural linewidth. Scatterdifetime broadening were far smaller than in our case. More-
ing processes, current-induced Joule heating of the electrasver, both experiments were performed on large-area
bath in the contacts as well as electromagnetic ac pickup afamples whereas we report on submicrometer-diameter de-
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vices. The size difference appears to be crucial: We observeublarity, we are able to estimate the vertical position of the
a current-step edge &fV~0.15 mV width in a larger device lowest discrete state in the quantum well. In most of the
with 2 um diameter from wafer 5/8. Although this value is samples it is located close to the bottom barrier, which pro-
still larger than the calculated lifetime broadening, it is con-vides strong evidence for growth-related donor segregation
siderably smaller thanAV~0.4 mV obtained for the from the heavily doped bottom contact into the nominally
submicrometer-diameter devices. undoped double-barrier region. The height of the first current
According to above discussion, scattering processes in th&fep is in good agreement with theory independent of the
emitter contact are a plausible reason for the extra width obarrier-thickness asymmetry. In contrast, the broadening of
the current-step edge in our devices, although the detailethe step edge exceeds the calculated natural linewidth of the

mechanism is not clear at the moment. discrete levels by one order of magnitude. Scattering pro-
cesses in the emitter contact are a possible source for this
V. SUMMARY extra broadening.

We studied resonant transport in small double-barrier het-
erostructures as a function of the barrier-thickness asymme-
try. Staircaselike features were observed in the current- We thank B. Schieherr and M. Tewordt for expert help in
voltage curves due to single-electron tunneling througHabricating the samples. S. Das Sarma, V. I. Falko, H. C.
discrete energy levels. The barrier-thickness asymmetry con-iu, and F. Stern are acknowledged for communications.
trols the occupation probability of these states. From the deFhis work was supported by the BundesministeriumBil-
pendence of the position of the first current step on the biadung, Wissenschaft, Forschung und Technologie.
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