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Shot noise enhancement in resonant-tunneling structures in a magnetic field
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~Received 19 May 1998!

We have observed that the shot noise of the tunnel current,I, in a GaSb-AlSb-InAs-AlSb-GaSb double-
barrier structure under a magnetic field can exceed 2qI. The measurements were done atT54 K in fields up
to 5 T parallel to the current. The noise enhancement occurred at each of the several negative-differential
conductance regions induced by the tunneling of holes through Landau levels in the InAs quantum well. The
amount of the enhancement increased with the strength of the negative conductance and reached values up to
8qI. These results are explained qualitatively by fluctuations of the density of states in the well, but point out
the need for a detailed theory of shot noise enhancement in resonant-tunneling devices.
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Since shot noise is sensitive to correlation effects t
result from Pauli exclusion principle and the Coulomb int
action between charged particles, noise measurements
give information about the kinetic of electrons in a condu
tor. The realization of this fact has spurred recent interes
shot noise in a variety of systems,1 including the double-
barrier resonant-tunneling diode~RTD!.

The current-voltage characteristic (I -V) of an RTD usu-
ally has a quasitriangular shape, with an initial region
positive differential conductance~PDC! before the current
peak, followed by a sharp region of negative differential co
ductance~NDC! just after the peak. So far, most studies
shot noise have focused on the PDC region, probably
cause experimentally the NDC region is often masked by
external instability that depends on the circuit to which t
diode is connected. Measurements in GaAlAs-GaAs-GaA
RTDs have shown a significant noise suppression relativ
the ‘‘full’’ shot noise 2qI (q is the electron charge andI the
tunneling current!, which has been explained by correlatio
between tunneling electrons.2

The deviation of the actual shot noise from 2qI is quan-
tified by a Fano factor, defined as the ratio of the noise sp
tral density,SI(v), to the full shot noise. Using either
quantum-transport3 or a semiclassical theory4 it has been
shown that the Fano factor can be expressed in terms o
tunneling probabilitiesT1 andT2 , through the two potentia
barriers:

g[
SI~v!

2qI
512

2T1T2

~T11T2!2
. ~1!

The value forg ranges fromg51, for very asymmetric bar-
riers, to g51/2, whenT15T2 . For completely incoheren
transport we can view the two barriers as two resistance
series and if each resistance generates full shot noise
tunneling probabilities in Eq.~1! are replaced by differentia
resistances of the barriers.5 The maximum noise suppressio
is readily obtained then for two identical diodes in series6

The few results available in the NDC region exhibit
behavior very different from the suppression found in t
PDC region. Liet al.2 showed enhancement of noise in t
PRB 580163-1829/98/58~16!/10159~4!/$15.00
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NDC region, although, their focus being on noise suppr
sion in the PDC region, they did not discuss that result
detail. Brown7 has reported an enhancement of the curr
noise for a single voltage in the NDC region, confirmed
Iannacconeet al.8 in measurements for voltages througho
the entire NDC region. They have explained their obser
tion in terms of correlation produced by shifts in the dens
of states for tunneling, and have accounted for the no
enhancement with a calculation that extends a formal
originally developed for noise suppression in the PD
region.9

Landauer pointed out long ago that noise in a syst
where carriers tunnel in and out of a conducting island c
be treated by a master equation.10 While the paper empha
sized the charge fluctuations on such an island rather than
noise spectrum in the external circuit, its results can be u
to show that the charge fluctuations on an island diverge
local state of circuit stability reaches its limit, as is the ca
for the well known critical fluctuations in equilibrium statis
tical mechanics. Pytte and Thomas studied the critical fl
tuations in Gunn diodes, whoseI -V characteristics are simi
lar to those of resonant-tunneling structures, but they did
consider in detail the NDC region.11

In this paper we report the observation of multiple pea
in the noise characteristics of a RTD when a magnetic fiel
applied parallel to the tunnel current. Similarly to previo
works, we find that whenever there is an NDC region in t
I -V characteristics of the diode the noise is enhanced ove
background and shows a peak. But the fact that in our
periments the number of NDC regions and their streng
depend on the intensity of the magnetic field has allowed
to correlate directly the enhancement of shot noise with
corresponding NDC values, which should be valuable
theories aiming at explaining in detail the enhancement
shot noise.

The experiments have been done in a type-II GaSb-Al
InAs-AlSb-GaSb double-barrier structure. The top of the v
lence band of GaSb~electrode! lies above the bottom of the
conduction band of InAs~quantum well!. As a consequence
there is a charge transfer between the two materials, w
two-dimensional~2D! electrons accumulating in the InA
R10 159 © 1998 The American Physical Society
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well and comparable number of 2D holes accumulating
the GaSb side of the GaSb-AlSb interfaces. AlSb barr
provide charge confinement and separation. When a vol
is applied between the GaSb electrodes, holes tunnel f
the emitter to the collector via a quantum state in the c
duction band of InAs~Ref. 12! ~see upper inset of Fig. 1!.
With increasing voltage more states are available for tun
ing and the current increases, until misalignment betw
states prevents further tunneling and the current abru
goes to zero.13 Our structure is different from the conven
tional GaAs/AlxGa12xAs heterostructure in that at large bia
the quasi-Fermi level in the well is always above the vale
band of the emitter. Thus, it is possible for holes tunnel
into the well to be scattered inelastically above the emi
valence band, in which case Pauli exclusion principle has
effect and correlation is only due to Coulomb repulsion.

Figure 1 shows the experimentalI -V characteristics, a
T54.2 K, for a 20 mm diode that consists of the fol
lowing regions: 3000 Åp1 GaSb (Na5231018 cm23);
500 Å p GaSb (131017 cm23); 50 Å undoped GaSb
50-Å undoped AlSb; 150-Å undoped InAs; 50-Å undop
AlSb; 50-Å undoped GaSb; 500-Åp GaSb (1
31017 cm23), (231018 cm23)p1 GaSb substrate. Th
small current asymmetry between both voltage polarities
Fig. 1 is possibly due to an effective asymmetry between
two AlSb barriers. The hysteresis regions are from instab
ties in the circuit external to the diode and will not be d
cussed here.

Also shown in Fig. 1 is theI -V characteristic when the
diode is subject to a magnetic field parallel to the tun
current. At Landau-level energies the field creates sh
maxima in the density of states of the well and deep mini
~or gaps! in between~see lower inset of Fig. 1!. As a result,
the I -V characteristic exhibits distinct features associa
with tunneling via individual Landau levels. These featur

FIG. 1. ExperimentalI -V curve of GaSb/AlSb/InAs RTD atH
50 andH53 T ~line, multiplied by 2 for clarity!. Top inset: sche-
matic band profile of the heterostructure under positive bias, aH
50. The arrows show tunneling holes. Bottom inset: the sa
structure when a magnetic field is applied. The density of state
the well is modified by a periodic Landau level structure.
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become more pronounced with increasing field and eve
ally show NDC, as illustrated in Fig. 1 forH53 T. More-
over, for a fixed field, especially if it is weak or moderat
the strength of those features varies. This variation~whose
origin is not clear!, combined with that offered by the chang
in field, allows for a wide range of stable NDC regions.

The shot noise of the diode was measured atT54 K,
with the device grounded at one end and in series with a l
resistorR0 close to it.~The value ofR0 was 420V up to a
field of 3 T, and 77V for 4 T and 5 T.! The sample was
connected with low-impedance coaxial cables to a roo
temperature circuit which included aR15110 kV resistor
through which an AC signal was applied to the sample a
measured simultaneously with the noise spectrum. The v
age noise across the device in parallel with the load resi
was measured by a low voltage noise preamplifier~voltage
noise of 1.4 nV/Hz1/2 and noise resistance of about 1 kV)
followed by a spectrum analyzer with a 100 kHz frequen
band.

The procedure for calculating the current noise of the
vice was as follows. First the voltage noise of the pream
lifier and the leads~measured separately! was subtracted
from the output noise, and then the result was divided by
normalized AC signal, which is the product of the differe
tial resistance and coefficient of amplification. Finally, t
small background current noise of the preamplifier was s
tracted. The spectrum of the noise was ‘‘white’’ up to 10
kHz. When repeated for both directions of the voltage swe
~each took several hours!, the experimental curves were re
producible, which indicates stability of both the sample a
the electronics.

At zero magnetic field and small tunnel currents, the m
sured shot noise for the PDC region follows the value
uncorrelated electrons (2qI), as shown in Fig. 2. For large
currents the noise is significantly suppressed, but eventu
increases, crosses the classical value, and then is enha
over the 2qI value. For positive bias the suppression is ab
one-half of the full shot noise, as expected for a symme

e
in

FIG. 2. The spectral density of the shot noise as a function
current, measured atH50 ~circles! and at 3 T field~solid line!.
Two straight lines show the full shot noise value~dashed line! and
half of its value~dotted line!. The peaks in shot noise at 3 T corre-
spond to the tunneling through Landau levels in the well.
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double barrier structure,14 but for negative bias the suppre
sion is larger. Although we do not know the origin of th
large suppression, we have no reason to believe that is
lated to the materials configuration of our heterostructure.
our knowledge, such a large suppression has been rep
only once7 and, with the exception of a numerica
calculation,15 existing theories do not predict noise reducti
larger than one-half.9,16

In the presence of a small field the noise in the diode
modified in two ways, as seen in Fig. 2 forH53 T. There is
a deviation of the 3 T background fromH50 curve, espe-
cially at low currents, where the field suppresses shot n
beyond 2qI. The most visible change is the appearance
sharp peaks superimposed on a noise background. Som
the noise peaks are as large as to even exceed the full
noise value. The pronounced loop of the peak
20.05 mA indicates that the current itself peaks at t
value in theI -V characteristic, as is better seen on Fig.
where the measured noise is plotted as a function of
along with the quantity 2eI.

The correlation between peaks in the noise and the
tures in theI -V characteristic is apparent in Fig. 3: the vo
ages at which the noise peaks occur correspond to thos
negative~or close to negative! differential conductance in the
current. Moreover, the values of the peak maxima in
noise spectrum are correlated with the values of concomi
differential conductance features: the smaller the cond
tance, the larger the noise peak. Thus when the conduct
is small but still positive, the noise peak is above the s
pressed noise valueqI but below 2qI. ~See, for instance, the
peak at about20.08 V.) When the conductance is arou
zero full shot noise is approximately recovered.~See the
peak at 0.08 V.! And when the conductance becomes ne
tive ~for example, at20.04 V and20.06 V) the noise is
enhanced well beyond 2qI. It should also be noted that th
peaks that show this enhancement pass the 2qI value at volt-
ages at which the conductance is approximately zero.

This behavior can be explained by realizing that noise
sensitive to the variation of the density of states with
change of the number of electrons in the well. Our expla
tion follows that of Iannacconeet al.,8 with two important
differences: we are dealing with holes, instead of electro

FIG. 3. Noise spectral density as a function of the voltage ac
the diode, at 3 T. The dashed line shows calculated full shot n
2qI. The inset shows the ratio of the peak maxima of the shot n
~circles, 3 T, triangles, 4 T, and crosses, 5 T! to 2qI.
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and we also consider the presence of a magnetic field a
the direction of the tunnel current, which drastically chang
the transverse density of states.

Let us consider first the case of zero magnetic field,
which the transverse density of states in the well is cons
above the resonant level provided by the quantum-state
ergy. Because of conservation of parallel momentum onl
fraction of the holes from the emitter are allowed to tunn
into the well.13 As the voltage increases, the energy diffe
ence between the resonant level and the effective edge o
valence band of the emitter electrode decreases. As a re
that fraction increases, which gives rise to a steady incre
of the tunnel current with applied voltage~upper inset of Fig.
1!. When a hole tunnels from the emitter it charges the w
positively and the resonant level shifts down in energy, th
decreasing the number of holes allowed for subsequent
neling. In this case, there is a correlation between tunne
holes~in other words, there is a negative feedback betwe
tunneling holes! and noise is slightly suppressed. On t
other hand, when the voltage is such that the resonant lev
just below the valence band edge of the emitter, tunnelin
determined only by the longitudinal density of states, w
the shape of a narrow peak centered at the resonance en
A further increase of the voltage decreases rapidly the n
ber of states in the well available for tunneling and the c
rent decreases. The feedback in this case is positive8: by
going down in energy when a hole tunnels, the longitudi
density of states is increased and additional holes can tun
This opposite correlation between holes enhances shot n
and the rapid increase of noise in Fig. 2 beyond 0.16 mA~for
positive current! and 20.25 mA ~for negative current! re-
flects such an enhancement.

An external magnetic field modifies drastically the tran
verse density of states in the well. Although for the moder
fields considered here it might be more appropriate to sp
of a density of states consisting of a step function modula
by an oscillatory component, for simplicity we will assume
density of states that consists of Gaussian distributions c
tered at the Landau-level energies. With increasing volta
the successive alignment of the emitter edge with the cen
of those Gaussians gives rise to peaks in the tunnel curr
followed by regions of negative differential conductanc
Each of these regions then results from an alignment of
emitter with a decreasing density of states. If a hole tunn
now into the well, the density of state goes down and
emitter becomes aligned with a portion of the distributi
that can accommodate more states, thus favoring the tun
ing of a second hole and therefore enhancing shot noise.
sharper the density-of-states distribution~because of higher
field or reduced broadening!, the more pronounced is th
NDC and the stronger is the enhancement of noise.

The direct connection between shot noise and nega
differential conductance is seen in the insert of Fig. 3, wh
we have plotted the Fano factor for the maxima of the no
peaks versusdI/dV, for three values of the magnetic field
The graph shows a monotonic increase of noise aboveqI
(g.1) with increasingly negative conductance, fromg51
when the conductance is zero. Although the value ofg seems
to level off at around 2 before resuming its increase up t
maximum value of 4, more experiments are needed be
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the details of such a behavior are confirmed. Previous exp
ments at zero field have yielded forg values between 2 an
9.2,7,8

Iannaconeet al.8 have expressed the Fano factor in ter
of the characteristic timestg , t r for the processes of genera
tion and recombination of electrons in the well

g[
SI~v!

2qI
512

2tgt r

~tg1t r !
2

, ~2!

and used this expression to explain noise enhancem
When tg is zero full shot noise is recovered, and as it b
comes negative17 in the NDC region~while t r remains posi-
tive! shot noise is enhanced. This expression can be un
stood in simple terms with the two-resistance analo
mentioned above, by which the characteristic times of
~2! are replaced by the differential resistances of the t
barriers. Then, the resistance of the emitter barrier is infi
at the resonance and negative in the NDC region, ang
becomes one and larger than one, respectively.
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In conclusion, we have shown that by changing the sh
of the density of states in the quantum well with a magne
field the value of the shot noise relative to the classical va
can change from suppression to enhancement. A quantita
comparison between the prediction of Eq.~2! and the experi-
mental results of Fig. 3 is not possible without knowing t
transition rates as a function of the number of holes in
well. A calculation of these rates along the lines of Ref. 8
not trivial, especially in the presence of a magnetic field.
any case, the validity of Eq.~2! is somewhat surprising sinc
it follows from a linearization of the transition rates in th
NDC region, in which large charge fluctuations a
expected.10 A microscopic theory that includes these nonli
ear effects seems therefore needed.

The authors have benefited from discussions with R. L
dauer. This work has been sponsored by the Departmen
Energy~DOE Grant No. DE-FG02-95ER14575!.
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