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Shot noise in resonant tunneling through a zero-dimensional state with a complex energy spectrum
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We investigate the noise properties of a GaAs@¥, ,As resonant-tunneling structure at bias voltages
where the current characteristic is determined by single electron tunneling. We discuss the suppression of the
shot noise in the framework of a coupled two-state system. For large bias voltages we observe super-
Poissonian shot noise up to values of the Fano faeter 0.
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Shot noise allows for a direct measurement of the correunintended donor atoms within the wé&lr'#

lation in a current of discrete charges. In the case of a totally The I-Vcurve is slightly asymmetric regarding both bias
uncorrelated current, one observes the so-called full or Poigolarities. We attribute this to the different transmission co-
sonian shot noisé.The corresponding noise pow&rdis-  efficients of both tunneling barriers due to their differing
plays a linear dependen&e=2el on the stationary curreiit  growth thicknesses. In our experiment positive bias voltage
as long as the applied bias voltagep is large compared to means always that tunneling occurs first through the barrier
the thermal energyeVsp>2kgT.? Full current shot noise  of lower transmission. Therefolésp>0 corresponds to cur-
arises, e.g., in a single tunneling barrier, since the tunnelingent flow in noncharging direction since the resonant state is
process of different electrons are independent of each othemore often empty during a certain time interval than being

However, if an additional source aokgativecorrelation is  occupied. Consequently,sp<<0 implies charging direction,
introduced the noise amplitude was shown to be reddiéed. respectively.

For resonant tunneling through a double-barrier structure this In an external magnetic field in parallel to the direction of
is attributed to the dependency of successive tunnelinghe tunneling current the position of the current stey is
events caused by the finite dwell time of the resonant Sate. shifted to higher voltages, overall following a parabolic de-
This suppression of the shot noise has also been observed fpendence as can be seen from the lower inset of Rig. 1
resonant tunneling through zero-dimensional systeffsor  This is caused by the diamagnetic shift of the resonant state
the opposite case offositivecorrelation between individual
tunneling events the noise power can even become
superPoissoniart:*°

We report on noise measurements of a resonant-tunneling
double-barrier structure. Under certain bias conditions the
tunneling current through our sample flows through a single
zero-dimensional staté:!* Therefore we are dealing with —
3d-0d-3d tunneling in contrast to the above-mentioned ex- soiiza e \I I"-‘BVSD
perimental studies where the tunneling takes place through a collector
two-dimensional subband @32d-3d).%° (c) . ; . . .

Our sample consists of a nearly symmetric double-barrier L 12
resonant-tunneling structure grown by molecular-beam epi- [ 10
taxy on an®-type GaAs substratgsee Fig. 1a)]. The het- S =
erostructure is formed by a 10-nm-wide GaAs quantum well 12
sandwiched between two MGa, /As-tunneling barriers of 5 —~  |-200-100 0 100 20
and 6 nm thickness. The contacts consist of 300-nm-thick :E/ of
GaAs layers doped with Si (410" cm™3) and they are -
separated from the active regioy B 7 nmthick undoped
GaAs spacer layer. The geometrical diameter of the diode is
1 pm.

The current-voltagel€V) characteristic is plotted in Fig.
1(c). The upper inset shows the characteristic shape of the -10 5 0 5 10
resonance due to tunneling through the two-dimensional sub- v (mV)
band atvVgp= =130 mV. However, we concentrate our mea- D

surements on small bias V0|tag|e$5D|$:_|-0 mV, where we FIG. 1. (8 SEM picture of the resonant tunneling diod®)

find a pronounced current stémarked with °X™). This fea-  schematical diagram of the energy bafal.l-V characteristic mea-
ture indicates the presence of at least one single impurity i8ured aff=1.3 K. Upper insetl-V characteristic of the sample for
the nominally undoped GaAs, as depicted schematically imarger applied voltages. Lower inset: Differential conductance at a
Fig. (b). Such impurity states with an energy lower than thetemperature off =50 mK in an external magnetic field in parallel
guantum well in between the barriers most likely stem fromto the tunneling current.

(a) 0)
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FIG. 2. Measured noise spectra for different values of the bias
voltageVgp. The gray curves are the results of fitting the function
A/fX+ S, to the data. The dashed lines demonstrate the contribu-
tions of 1/f noise(angular ling and shot nois€horizontal ling to
the fit for 10 mV.

Vgp (MV)

FIG. 3. Shot noise measured as function of bias voltdgg.
For bias voltage$Vsp| <6 mV the shot noise amplitude has been
defined by averaging the spectra over frequencies above the cut-off
value of 1f noise(open circles At higher bias voltages a fitting
igrocedure has been us@daack triangles, see textinset: Shot noise
in a linear scale for small bias voltage.

Es. This allows us to estimate the classical diamétef the
zero-dimensional state ta~10 nm. Additionally, the
[-V-curve does reveal a second weak structure which
marked with “Y” in Fig. 1(c). It is more pronounced for
charging direction Y5p<0). As can be seen in the lower
inset of Fig. 1), in the magnetospectroscopy this feature@bove|Vsp|=8 mV a direct readout of the Fano factor be-
first moves parallel toX. At B=6 T both features merge Ccomes impossible since flhoise is no longer negligible.
before splitting again at higher field, but still producing cor- However, by fitting the noise spectra with the function
related kinks, e.g., at 8 and 10 T. Therefoteand Y are ~ S(f)=A/f¥+S, we can still extract the amplitude of the
presumably not caused by independent impurities but sterphot NoiseSy: Since the noise processes leading to shot noise
from a two-level system® and 1f noise are uncorrelated to each other, their corre-
The noise experiments are performed iflde bath cry-  sponding noise power add up. Accordingly, the fitting param-
ostat with a variable temperature insert. The sample is aleter Sy is the amplitude of the frequency independent shot
ways immersed in liquid helium. This allows for measure-noise power. For the exponegptcharacterizing the /noise
ments at temperatures between 1.4 K @K under stable we find y~1 in agreement with the literatufé:*® That fit
conditions. The bias voltag¥sp is applied between the also reveals that even for the strongest observéciise at
source and drain electrodes by means of a filtered dc-voltagésq= —10 mV the shot noise exceeds thd mbise for f
source. The noise signal is detected by a low-noise currerit 20 kHz. Therefore we can extract the shot noise contribu-
amplifier®!® The amplifier output is fed into a voltmeter for tion reliably.
measuring the stationary current through the sample and into In Fig. 3 we plot the measured shot noise power of the
a fast Fourier-transform analyz&fFT) to extract the noise sample for|Vgp|<10 mV. Note the good agreement be-
spectra in a frequency range from 0.4 to 102 kHz with 0.13ween the results for the shot noise power extracted from
kHz resolution. The amplifier and the input stages of the FFTaveraging the specti@pen circles and from the fitting pro-
have been tested for linearity in the range of interest, overaltedure(black trianglesin the bias range where both overlap.
calibration has been verified by measuring the thermal noiséherefore we conclude that the shot noise can be extracted

of thick film resistors. even under bias conditions where it is masked Bynbise to
In Fig. 2 we show exemplarily noise spectra at differenta large extent.
bias voltages for charging direction. Fp/sp| <5 mV the For comparison we show the theoretically expected Pois-

observed signal is mainly determined by the frequency indesonian value for full shot noisea(=1) calculated from the

pendent shot noise. Only below frequencfes10 kHz we  measured dc curremtusing S= a(2el)cot(eVsy/2kgT) with

find contributions of 1 noise. To characterize the amplitude the temperaturd and Boltzmann’s constari .2 As can be

of the shot noise we use the so-called Fano faetarhichis  seen from the inset in Fig. 3 we observe full shot noise at

defined by normalizing the measured noise power deiSsity bias voltages smaller thdWsp| <2 mV. But with increasing

to the Poissonian valuee2: «=S/2el with e the electron absolute value of the bias voltage the noise is suppressed

charge and the stationary(dc) current. For determining  below its Poissonian value=1. Overall the suppression is

we average the noise spectra over frequencies larger than th&re pronounced for noncharging directiodsc>0). In

cut-off frequency of the ¥/noise. Fig. 3 also the theoretically expected noise power for a sup-
As the magnitude of the bias voltage is increased, theression ofa=0.6 is shown by the dashed line. This mini-

intensity of 1f noise rises with an approximate quadratic mal value of the Fano factae~0.6 is found on the current

dependence on curreht(data not shown At bias voltages plateau 4 m\&Vgsp<5 mV. This can be seen in more detail

113316-2



BRIEF REPORTS PHYSICAL REVIEW B9, 113316 (2004

o T N ' ' neling structure. Increasing the bias voltage further results
again in a rise of the Fano factor.

It has been shown analytically by Kiesslie al?° that
the bias dependence afcan be described by the expression

a=1— %fE , )
(Oe+0c)?

Wherefglz 1+ exd (Es—BeVsp)/kgT] is the Fermi function
of the emitter contactwe relate the energies #-=0) and
B the voltage-to-energy conversion factor for the tunneling
structure. In case of resonance ahd 0 the emitter occu-
pancy atE=Egis maximal[ fg(Eg)=1] and Eq.(2) reduces
to Eqg. (1). At finite temperatureT>0 the crossover from
Poissonian to sub-Poissonian shot noise is smeared out by
the thermal energy distribution of the emitter electrons.

FIG. 4. Behavior of the Fano factar for the crossover from Now we will discuss the crossover behavior of the Fano
subresonant to resonant transport in chargagand noncharging factor as observed in Fig.(d) under different assumptions:
direction(b). The data has been smoothed with a seven-point boxAt first we consider the featuresandY as being caused by
car average. For the smoothedwe estimate the error tb5¢|  tunneling through two independent resonant states. For each
<0.05 forVsp<<3 mV and|a|<0.03 forVgp>3 mV. For com-  we expect a crossover to the suppressed shot noise as de-
parison with the data we show the theoretically expected charactescribed by Eq(2). This is shown by the two curves marked
istics under different assumptiofisee text as(l) and(ll) in Fig. 4(b). In case of(l) we used the calcu-

lated values foil®g(Vsp) and ®(Vsp) and chose a value
in Fig. 4b), where the Fano factor for noncharging directionfor Eg so that the crossover from=0.75 to «=0.6 coin-
is depicted. It has been shown theoretically that the suppresgides with the shape of E(). For (1) we change the asym-
sion of shot noise for a resonant stdfg is linked to the  metry factor to fit a suppression af=0.75. In both cases

0.6 - &

1 1 1
2 2 3 4 5
Vg, (mV)

asymmetry of both tunneling barriets: the crossover of the measured Fano factor occurs signifi-
cantly steeper than expected from the form(gfand (I1),
02+02 respectively.
o= —-t C (1) However, if we consider just the dominant feature X in
(Oe+0¢)? conjunction with the calculated tunneling rates for a suppres-

sion of a=0.6 the crossover froma=1 below Vgp
O and O are the tunneling rates through emitter and col-=2 mV to «=0.6 for Vsp=4 mV can be described quite
lector barrier, respectively. Responsible for this suppressiosatisfactorily, of course with a deviation in the bias range
is the Pauli exclusion principle: The tunneling of an electron3 mv=Vgp<4 mV [curve (lll) in Fig. 4b)]. Thus the be-
from the emitter into the quantum dé®D) is forbidden as  havior of the Fano factor cannot be explained by two inde-
long as the QD statEs is occupied. This results in an anti- pendent states. Instead we conclude, that the feaXuaeslY
correlation of successive tunneling events. The maximal supare correlated in a twofold energy spectrum, in agreement
pression ofa=1/2 is expected for symmetric barrier® ¢  with our discussion of the magnetotransport spectroscopy
=0c). However, for a tunneling structure of high asymme-shown in Fig. 1c). The assumption of a correlated two-level
try (e.g.,0g>0¢) full Poissonian shot noiser=1) would  system is also stressed by the fact that the general shape of
be recovered, since then the transport will be controlledhe Fano factor seems to be mainly determined by a single
solely by one barrier. Fermi-function[(Ill) in Fig. 4b)]. Whereas the increase of

From the growth data of the sample we can compute théhe Fano factor up ta~0.75 aroundVsp~3.5 mV may be
tunneling rate® g and®, . This is done by a self-consistent caused by correlation effects on the current flow due to the
solution of Poisson and Schiimger equation. Using these twofold energy spectrum of the resonant state. For example,
values with Eq(1) results ine=0.6, which is in good agree- it has been shown that a capacitive coupling of two resonant
ment with the experimental result on the pronounced currengtates influences the corresponding shot noise propétties.
step at voltages between 4 and 5 rdée Fig. 4b)]. We discuss now the transport in charging directify§

In Fig. 4(b) the behavior of the Fano factor is plotted for <0): The observed shot noise is larger compared to non-
the bias range, where the crossover into resonant transpatharging direction as can be seen from Fig. 4. In the theoret-
occurs. FoVgp<2 mV we observe full shot noise. Above ical picture for resonant tunnelifg&qgs.(1) and(2)] the Fano
Vsp=2 mV the Fano factor is reduced in two steps: Forfactora is symmetrical to reversal of bias voltage. However,
3 mV=Vgp=4 mV avalue ofa~0.75 is present. This sup- in a coupled system of two resonant states of different ener-
pression sets in precisely where a weak resonance can lgies the Fano factor can be enhanced for charging
seen in thel-Vcharacteristicsmarked withY). For 4 mV  transporf! We view that as a further affirmation of the
=Vgp=<5 mV the above mentioned value af~0.6 is above described perception of a resonant state with a twofold
found, which is consistent with the growth data of the tun-energy spectrum.

113316-3



BRIEF REPORTS PHYSICAL REVIEW B9, 113316 (2004

Finally we will turn to the discussion of the super- rection we observe no fluctuations of the stationary current
Poissonian shot noisex(>1). It is evident from Fig. 3 that and the Fano factor does not significantly exceedl.
for charging directiorV¢p<0 the Fano factowr increases at In conclusion we have analyzed the shot noise properties
Vsp<—6 mV abovea=1 up to values ofa=~10 atVgp  of resonant transport through a zero-dimensional state that is
=—10 mV. In contrast this effect is only weakly developed formed by a impurity situated within the quantum well of a
for noncharging directiond¢=1.5 atVgp=+10 mV). tunneling structure. In the magnetospectroscopy a twofold

Up to now super-Poissonian shot noise has been experenergy spectrum of the resonant state could be identified.
mentally observed for transport through the two-dimensionallhe minimal observed value for the Fano factor«of 0.6
subband of a resonant tunneling structit®The effect oc- does coincide with what is theoretically expected for the
curs in the negative differential region of the/ character- asymmetry of the tunneling structure as known from the
istics. It can be explained by a feedback mechanism that igrowth data. Although the general features of the crossover
caused by the charging of the resonant state and a consequémm the full shot noisex=1 at low bias voltage into the
fluctuation of the subband energy. This leads tpositive  suppression oix=0.6 can be satisfactorily described by a
correlation in the current flow and consequently the Fansingle Fermi function, we observe deviations that we at-
factor becomes super-Poissoniar- 1.%%2 tribute to the complex nature of the resonant state.

We may speculate that in our sample a similar mechanism Additionally we observe a super-Poissonian value (
occurs although we are dealing with a zero-dimensional>1) of the shot noise for large bias voltage in charging
state. This assumption is underlined by the fact that we findlirection, that is presumably caused by charging effects.
time dependent fluctuations in theV characteristics for
charging direction. These appear precisely at the bias voltage The authors would like to thank G. Kiesslich for fruitful
where the Fano factor crosses over from a sub- to a supediscussion. We acknowledge financial support from DFG,
Poissonian valugsee Figs. (c) and 3. For noncharging di- BMBF, DIP, and TMR.
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