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Shot noise of sequential tunneling in a triple-barrier resonant-tunneling diode
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The shot noise of a triple-barrier resonant-tunneling diGBBRTD) has been characterized in the low-
frequency regime. Suppression of shot noise has been observed in both bias polarities. The measured noise
characteristics are the consequences of several electron transport mechanisms associated with the device. These
include the Pauli exclusion principle, thermally activated tunneling, and electron energy relaxation. We de-
scribe the effect of these mechanisms in relation to the noise characteristics. The mechanisms lead to sequential
electron tunneling, which is manifested in the noise characteristics of the TBFSII263-182807)06019-0

Shot noise, which arises when a junction device is subjectlastic scattering of tunneling electrons, which occurs when
to nonequilibrium, is an interesting and important topic inelectrons interact with phonons, photons, or other electrons
the study of electron transport in mesoscopic devices. Somas they traverse the quantum-well region. Inelastic scattering
transport phenomena, while being difficult or impossible tocauses electron energy relaxation, making the scattered elec-
be probed in conductance measurements, are readily obsetyons bear a quantum-mechanical phase which is unrelated to
able in noise measurements. Shot noise is due to randomnegst of the incident electrons. Therefore the tunneling process
in charge emission across a junctiom the absence of any in a resonant-tunneling diode consists of a sequence of steps:
regulating mechanism, the charge flow across a junction igjectrons first tunnel from the emitter to the well region; they
uncorrelated, resulting in full shot noise. The full shot Noiseg hsequently experience a series of phase-randomizing scat-

can be suppressed by introducing correlations in the rangg g eyvents: finally the scattered electrons tunnel out of the
port. Theories developed particularly for the double-barrier,

: X well region to the collector. In general, sequential tunneling
resonar]t—tun_nelmg diodDBRTD) (R‘?fs-. 2-3 show that results in suppression of shot noise. If the scattering center is
correlations in electron transport exist if the effect of the

Pauli exclusion principle is strong enough to provide amodeled as a voltage probe, then it is shown that current

charge regulating mechanism. In the low-frequency limit, thefluctuatlons vanisfi'® Also, the suppression depends on the

; ; P degree of dissipation of the excess energy of the electron
noise current power densi§(0) is independent of frequenc
f and is giverF: by 50 . aueny above equilibriunt! The transport behavior of the TBRTD

has previously been studied in conductance measurerfents.
Our noise measurements show suppression of shot noise in
= - +Te)? o g .
S(0)=2el[1~(2TeTe)/(Tet Te)"l, @ both biasing polarities of the TBRTD. The suppression de-

wherel is the dc current ane is the electron charge, and PENds on specific scattering mechanisms in the quantum
T, andT, represent the transmission coefficients of the emit\Vells- We describe the scattering mechanisms in each polar-
ter barrier and the collector barrier, respectively. The tern{ty> @nd associate them with the measured noise characteris-
inside the brackets is the suppression factoSuppression tics. The suppression agrees with En, and hence confirms
below the full level of shot noise occurs i is less than the 1— T dependence.

unity. Equation(1) indicates that suppression is maximized The TBRTD sample was grown by molecular-beam epi-
when the device has a symmetric configuration in operationtaxy on an” GaAg001) substrate. The collector region,
For extremely asymmetric devices, in which only one barriewhich was grown on top of the substrate, is made of a
affects the current, shot noise approaches the full level).5-um n* GaAs (Si:1.5x 10'® cm™3) buffer, that is fol-
which is expected for single-barrier devices. Equatith  lowed by 100 A of GaAs with graded doping and a 150-A
can be used when tunneling is either coherent or sequentiaindoped GaAs spacer. The active region consists of the fol-
The expression for the suppression factor is the same as thawing: 40 A of undoped AlAgbarrier 3, 50 A of undoped
1-T dependenceél, being the transmission coefficient, of the GaAs (well 2), 15 A of undoped AlAs(barrier 2, 80 A of

shot noise of quantum coherent transport derived using thendoped GaAswell 1), and 40 A of undoped AlAgbarrier
Landauer formalisrfi. To date, shot noise suppression hasl). The emitter region has the same structural configuration
been observed in several DBRTD'S. as the collector region. The diodes are in the form ofu.éd-

In this paper, we report a characterization of the shosquare mesas defined by photolithagraphy and wet chemical
noise properties of a triple-barrier resonant-tunneling diodeetching. Forward bias is defined as the polarity in which
(TBRTD). Compared to the DBRTD, the TBRTD allows one electrons are emitted from the emitter into well 1. The noise
to study the effect of sequential tunneling on shot noise in ameasurements were made at 77 K using a spectrum analyzer,
unequivocal scheme. Sequential tunneling is the result of inwith the device immersed in liquid nitrogen.
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The zero-bias conduction-band energy diagram of theffective central electrode. Then, we can apply Eq.to
TBRTD, and the modeling of the energy band diagram andstimatey, which turns out to be 0.6 as for a symmetric
the voltage-energy conversion ratios of the quantum wellslevice. However, the measured valueyois close to unity.
are available in Ref. 12. At zero bias, the first quasiboundrhe reason is that, to treat the two wells as a single effective
state of well 1,S;_,, is at an energy of 47 meV above the electrode,T,, 3 should be vanishingly small, which is not
Fermi level, while the first quasibound state of well 2, true in our case. Therefore, the actual structure is asymmet-
S,_1, is 101 meV above the Fermi level. The forward-biasric, implying that the dwelling time of the electrons in the
and reverse-bias current-voltafje- V) characteristics of the well region is less than the maximum vaft.In other
TBRTD are shown in Figs.(&) and Xc), respectively. In the words, the occurrence of full shot noise is due to the fact that
forward-bias polarity, the threshold of the tunneling currentT, and T are greater thafi,, and the fact thal,, 5 is not
occurs at 130 mV, and the resonant peak occurs at 240 m\¢ero. This means that electrons led®g ; at a faster rate
The left inset of Fig. (a) shows the schematic conduction- than the rate at which electrons arriveSat_; from the emit-
band profile at the threshold. This inset indicates that at anter. Thus the effect of the Pauli exclusion principle is weak,
above the threshold the emitter electrons are at resonane@d little correlation exists in the transport of electrons. As
with S;_;. Throughout this regionS,_, is at a higher en- the bias is increased toward the peak, the wave functions of
ergy aboveS;_;. The right inset shows the schematic S,_; andS,_;, overlap, althoug!8,_is still higher in en-
conduction-band profile at the peak, where the wave functioergy thanS;_;, as shown in Fig. (. The overlapping
of S;_; overlaps that ofS,_; so that the two wells are couples the two wells between barriers 1 and 3. Within this
coupled to each other. Thus, near the peak, the emitter eleparrow range,T,=0, and T,,3=0. Tunneling electrons
trons tunnel resonantly into the coupled wells, and subsebounce back and forth between barriers 1 and 3 before tun-
quently tunnel out to the collector. The small feature cenneling out to the collector. Now the structure is more sym-
tered at 370 mV is due to GaAs LO-phonon emissionmetric with similar ratesr; and T, which implies a longer
between the emitter arf} _ ;. In the reverse-bias polarity, as dwelling time and hence more correlation. This explains the
depicted in Fig. {c), the threshold occurs at 300 mV. The measured drop iny.
left inset of Fig. 1c) shows that, at this bias, the collector  In the reverse-bias polarity, the measuredas a different
electrons are at resonance wiB_,, which is 112 meV dependence on the bias. Figur@)lshows that in the entire
aboveS,; ;. The right inset shows that near the p€@k5 resonant tunneling regiow is suppressed, and, as in the
mV) the wave function ofS,_; overlaps that of the second forward-bias polarity, there is a drop near the resonance
guasibound state of well 5,_,, so that the two states are peak. This noise characteristic reflects electron energy relax-
coupled to each other. Beyond the peak, the double-stegtion due to inelastic scattering between the well states. At
structure is due to oscillations in the biasing circuit ratherand above the threshold, the collector electrons are in reso-
than an intrinsic effect associated with the device itself.  nance withS,_;, which is aboveS, _,. Electrons first tunnel

We have made noise measurements at a series of biasifigm the collector toS,_; and then tunnel inelastically to
points starting near the threshold of each biasing polarityS, _; and finally tunnel to the emitter. We have not identified
The experiment setup did not allow measurements to béhe exact energy relaxation mechanism. It is not the emission
made in the negative differential resistance region. Figure@f the GaAs LO or AlAs LO phonof® We speculate that
1(b) shows the values of the shot noise suppression factor photon emission could be the relaxation process. Our noise
in the forward-bias polarity. Each point represents the avermeasurements actually confirm the presence of sequential
age value ofy at three frequencies, namely, 100, 200, andtunneling. The resonant electrons$_; can either tunnel
300 kHz. The noise measurements show thas close to directly to the emitter, or, alternatively, they can first tunnel
unity above the threshold, and, near the peglshows a inelastically toS;_; and then tunnel out to the emitter. If the
slight drop. At the threshold of resonant tunnel{d@0 mV),  first process is dominant, an estimation based on tunneling
the electrons at the Fermi level of the emitter are at resorates indicatezy=1. However, the measuregis much less
nance withS; _ ;. As the bias is increased beyond the threshthan 1, indicating that inelastic scattering occurs so that elec-
old, the electrons below the Fermi level are brought intotrons traverse the structure in a sequential manner. As the
resonance. At 77 K, thermally activated resonant tunn&ling bias is increased toward the peak, the wave function of
from S;_; t0 S,_; is substantial since the difference in en- S,_, overlaps that ofS;_,, so that the two wells become
ergy between them is only 32 meV at the threshold. Thereeoupled to each other. In this range of bias, the inelastic
fore, theS,;_; electrons can reach the collector either viatunneling betweers,_; andS;_; vanishes, and the tunnel-
S,_; by thermally activated tunneling or by direct tunneling ing electrons, as they enter the well region, bounce back and
across barriers 2 and 3. We have made estimations of thferth between the outer barriers before arriving at the emitter.
tunneling rates across the three barriers using the WKBhe tunneling rates show that the tunneling structure is very
method. The ratél, of tunneling fromS;_; to S,_; by  symmetric. This explains the drop near the peak. Figure
means of thermally activated resonant tunneling is much(d) shows that the value of increases slightly when the
larger than the ratel; of tunneling from the emitter to bias is increased beyond 500 mV. This might be an indica-
S,;_4 and the rate ofl; of tunneling fromS,_, to the col- tion that energy relaxation is becoming less effective. At 500
lector. The rateT,, ; of tunneling fromS; _; directly to the  mV, the rate of thermally activated resonant tunneling is
collector is much smaller thah; andT5, whose values are doubled compared to the rate at the threshold. This might
close to each other. The rates seem to suggest that in thédso be the cause for the increaseyias thermally activated
range of bias we can treat the electron transport across th@ocesses usually create shot noise. We have measured the
triple-barrier structure as a double-barrier problem with amoise at several higher biasing points beyond the resonant
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FIG. 1. (8 and (c) show the current-voltage
characteristics of the forward and reverse biasing
polarities, respectively. The right and left insets
in (@ and (c) show the schematic conduction-
band energy diagram at the threshold and near the
peak of resonant tunneling, respectively.and
C denote the emitter and the collector, respec-
tively. b, w, ands denote the barrier, quantum
well, and the well state, respectively. Dashed
lines represent the Fermi energy. The wave func-
tions of the states are show() and(d) show the
shot noise suppression factgin the forward and
reverse biasing polarities, respectively.
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peak in both polarities. The values pfapproach unity as the in the probe counterbalance the intrinsic current fluctuations,
bias is increased. We do not yet understand the exact reassn that the net current fluctuations disappear. Therefore there
for this phenomenon. However, in this range of bias, theés no accumulation of charge at the probe and hence charge
tunneling electrons are not in resonance with any of theneutrality holds. Recently, Shimizu and Uétiahowed that
guantum-well levels. Thus, the tunneling structure is in ef-suppression of shot noise is closely related to electron energy
fect a single barrier, angt is essentially equal to unity. relaxation. In general, the amount of suppression is propor-
As described above, three processes that exist in electrdional, in addition to electron transmissifthe 1— T depen-
transport across the TBRTD affect the noise characteristicglence, to the amount of energy transfer from the electron
When the TBRTD is biased so that a tunneling current besystem to other systems such as the phonon and the photon,
gins to flow, i.e., the electron distribution of the device is ini.e.,
thermal nonequilibrium, shot noise becomes the dominant
source of noise. Since each tunneling electron stays in a y=(1-k)(1-T), 2
guantum-well level for a finite timéthe dwelling timeg, a

temporal correlation is established in the electron flow due tQyhere « is the percentage of energy relaxation. For our

the Pauli exclusion principle, which forbids other electronstgrTp, the quantum wells with their energy levels behave
with the same quantum numbers from tunneling to occupyjke voltage probes that absorb incoming electrons with en-
the level simultaneously within the dwelling time. The cor- ergies above a level, and emit the relaxed electrons from that
relation is strongest when the dwelling time is at a maxi-jeyel. This process increasasin Eq. (2), resulting in sup-
mum, which occurs for symmetric devices. In our experi-yression.

ment, this correlation is responsible for the increase of | conclusion, we have characterized the shot noise prop-
suppression near the resonant peak in both polarities. Thgties of a TBRTD. Suppression below the full level of shot
thermally activated tunneling between quantum-well energy,gise has been observed. We show that this suppression is
levels causes fluctuations in the electron flow and hence gegyye to several electron transport mechanisms, which result in
erates shot noise. The situation is very similar to that of &equential tunneling. Our results are in agreement with Eq.
vacuum diode operated in the temperature-limited region¢y) " and hence confirm the AT dependence of shot noise
Electron-energy relaxation is another process that makes tu%Uppression. Finally, we point out that the TBRTD is an
neling in the TBRTD sequential. The fundamental reason fofgea)| device to be used in studying sequential tunneling, and
noise suppression by energy relaxation is that when tunnegise measurements of this device might be a new technique

ing electrons lose energy, the nonequilibrium electron distrij, gptaining information about other energy-dissipation pro-
bution is reduced toward equilibrium. If the relaxation pro- cegses.

cess results in exact equilibrium, the Fermi-Dirac statistics
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