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Shot-noise suppression in resonant tunneling
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Substantial shot-noise suppression has been observed in a series of asymmetric double-barrier

resonant-tunneling diodes.

The suppression is only seen in the voltage range where the peak

resonant-tunneling transmission coefficient is near unity and where there is a large charge buildup
in the quantum well; in other voltage ranges, full shot noise is observed.

Since the first experimental demonstration,! resonant
tunneling has been one of the most interesting phenom-
ena in semiconductor heterostructures and has found
some unique high-frequency applications.>3 Although
the basic physics is now well understood, resonant tun-
neling continues to serve as a unique tool to study elec-
tron transport in nanostructures.*° Recently, the noise
associated with electron transport in nanostructures has
attracted a lot of theoretical attention.® ' The study
of noise in nanostructures is both interesting from a
pure physics point of view and important for future
device applications. There have been three previous
reports'®712 on experimental results of noise characteris-
tics in resonant-tunneling diodes showing shot-noise sup-
pression, i.e., v < 1 for i2 = 2evyI, where i, is the mea-
sured noise current in A/Hzl/z, I is the device current,
and « is referred to as the shot-noise factor. The case
v = 1 corresponds to full shot noise. In this paper, we re-
port on the results of a study of a series of three resonant-
tunneling diodes designed to maximize shot-noise sup-
pression. Simple analytical models are considered and
comparisons with self-consistent model calculations are
also presented.

We first present the experimental results.
The resonant-tunneling structures were grown by
GaAs/Al,Ga;_,As molecular beam epitaxy with Si dop-
ing. All samples were made intentionally asymmetric.
The active layer parameters of the three samples are
given in Table I. Undoped GaAs spacer layers of 5.0 nm
were grown on either side of the active layers, and these
layers were clad with thick contact layers of GaAs doped
with Si to 2 x 10*® cm™3. The asymmetry was in either
the barrier thickness or the barrier height: samples 1 and
2 had one barrier thicker than the other (Lpz > L),
while sample 3 had one barrier higher than the other

TABLE 1. Sample parameters. All wells are undoped
GaAs, and all barriers are undoped Al,Ga;—;As. The sym-
bols Lp1, 1, Lw, Lb2, and z2 are the first barrier width, the
first barrier Al fraction, the well width, the second barrier
width, and the second barrier Al fraction, respectively.

Sample Lp; (nm) T L, (nm) Lyz (nm) To
1 9.5 0.37 5.9 13.3 0.37
2 10.0 0.33 6.6 14.0 0.33
3 10.0 0.33 5.6 10.0 0.50
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(z2 > x1). Measurements were done at 77 and 4.2 K with
samples immersed in liquid nitrogen or helium. Measured
device current vs voltage and noise current vs voltage
at 4.2 K are shown in Fig. 1 and similar results were
observed at 77 K. Positive bias polarity is defined such
that electrons are emitted from the thin or low barrier
side. The diode active area diameters were 7 pym. The
noise was measured at low frequencies for the device but
high enough to avoid 1/ f noise contributions, typically at
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FIG. 1. Measured current (solid lines) and noise current
(symbols) vs voltage at 4.2 K. Positive bias corresponds to
electrons emitted from the thinner or lower barrier side. To
plot the noise current on the same scale as that for the current,
the quantity i2/2e is plotted, where i,, is the noise current in
A/Hz'/2. The device active area diameters were 7 pm.
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frequencies above 1 kHz. The frequency regime studied
here is much lower than the reciprocal of any resonant-
tunneling characteristic times involved in our devices, so
that we are in effect dealing with the device shot noise in
the zero-frequency limit. We stress that our wafers and
devices made from the same wafer were very uniform,
and the results shown in Fig. 1 are representative of the
three wafers. Our standard procedure is that a piece of
about 7 x 8 mm? is cleaved from each wafer, and an array
of a large number of devices is made. No further inves-
tigation is pursued unless these devices display the same
characteristics.

It is clear from the experimental results shown in
Fig. 1 that substantial shot-noise suppression occurs in
the positive voltage resonant-tunneling regions. To see
the amount of suppression quantitatively, we plot the
shot-noise factor «y defined by v = i2 /(2el) in Fig. 2.

To analyze the experimental results, we first use an an-
alytical model to understand the basic physics involved.
Numerical self-consistent calculations!® taking into ac-
count the electron accumulation in the emitter and in
the well and the electron depletion in the collector will
be discussed in later sections. Theoretical analyses”®
under a variety of assumptions all give the following ex-
pression at zero temperature (with the exception of that
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FIG. 2. Measured shot noise factor vs voltage at 4.2 K.
The shot-noise factor v is defined by v = 2 /2el, where i, is
the noise current in A/Hz'/? and I is the device current. A
horizontal dashed line at v = 1 is drawn to guide the eye.

of Brown!? to be discussed later):

in=2e"4% 0. T(1-T), (1)
Ef

where A is the device area, Er is the Fermi energy in the
emitter, v, is the z-direction (tunneling direction) emit-
ter electron velocity, T is the transmission coefficient de-
fined as the ratio of the transmitted to incident probabil-
ity currents, and the summation Y E, over the occupied
emitter states for unit volume is the electron density. Af-
ter converting the summation into an integration over the
emitter Fermi sea and integrating over the parallel (z-y)
momenta, Eq. (1) becomes

Er
2 _ 9o A _ _
3= 2078, /0 dET(1-T)(Er — E),  (2)

where m is the effective mass and E is the electron energy
associated with the z-direction motion. We have assumed
that T is independent of the parallel momenta. Equa-
tions (1) and (2) take into account only the contribution
from emitter electrons. This is a correct assumption for
low temperatures and for bias voltages large enough so
that the collector electrons do not contribute to the cur-
rent. This is the regime (for bias voltage magnitudes
larger than about 0.09 V) that we wish to concentrate
on.

For evaluating the shot-noise factor, the tunneling cur-
rent is given by3

emA

I= 2mw2h3

Ef
/ dET(Er — E). 3)

In specifying the integration limits from zero to Ep in
Egs. (2) and (3) we have implicitly chosen the energy
reference to be at the band edge of the emitter [see
Fig. 3(a)].

In the resonant-tunneling regime, the transmission co-
efficient can be well approximated by a Breit-Wigner
form3

AE?
T~ Tosx (5~ 95 T AE? (4)

where the on-resonance transmission is

4T T,

Tonax = 12
max (T1+T2)21

(5)
AF is the resonance half-width, E, is the resonance en-
ergy, and T} and T> are transmission coefficients for the

two barriers labeled by 1 and 2.
Using Eq. (4), Egs. (2) and (3) give
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FIG. 3. (a) Calculated band edge and (b) electron density
profile under a few positive bias voltage values for sample 1.
For both panels (a) and (b), the solid curves are for an applied
bias voltage of 0.00 V, the dashed for 0.12 V, the dotted for
0.24 V, and the chained for 0.36 V.

where I is given by

emA 9
T= gnepe TmaxBF
FErp —E, Er — FE, E,
X [T (arctan TAE + arctan AR
_ 2 2
_11 (Er — E.)*+ AFE ] )

2 E2+ AE?

Within the resonant-tunneling current region, (Ef —
E.)/AE > 1 and E,/AFE > 1 and the arctan terms in
Egs. (7) and (6) dominate. We then have i2 ~ 2e(1 —
Tmax/2)I. The shot-noise factor is then

Tmax

’7=i72;/(261)z1—'2— (8)

It is clear that a larger Thax value leads to a larger
shot-noise suppression. However, the maximum value of
Tmax is unity, so the maximum shot-noise suppression
occurs when T — 1 which gives v — 1/2. Achieving
Tmax — 1 is the basic aim of our sample design. Because
of the finite bias voltage required to turn on the reso-
nant tunneling, a symmetric double barrier under bias
has the transmission coefficient for the emitter barrier
much smaller than that for the collector barrier, and this
[according to Eq. (5)] leads to a small Tinax. We there-
fore use different barriers with the collector barrier either
thicker or higher than the emitter one so that, under ap-
propriate bias voltages, the transmission coefficients for

the emitter and the collector barriers are equal. This
should yield a near unity T,ax according to Eq. (5). Shot-
noise suppression (i.e., 0.5 < v < 1), seen only in a finite
region of positive bias, is in good qualitative agreement
with the results shown in Figs. 1 and 2.

Although the basic approach of using an asymmetric
double-barrier structure to achieve Ty,.x — 1 is concep-
tually correct, the accurate prediction of the bias volt-
ages at which Ti,ax — 1 is nontrivial. The voltage drop
across the double barrier is highly nonuniform due to
charge buildup in the well, especially for asymmetric
structures,'* and the effect of electron accumulation in
the emitter and depletion in the collector must be in-
cluded in order to model accurately the voltage distri-
bution across the structure. We therefore used a self-
consistent program!® using both Schrédinger and Pois-
son equations to calculate the device characteristics of
our structures. The resulting band edge and electron
density profiles for sample 1 are shown in Fig. 3. When
the charge buildup in the well is large (as in the voltage
range of 0.08-0.36 V), a larger fraction of the applied
voltage is dropped across the collector barrier.

Figure 4 shows the results for the calculated transmis-
sion coefficients and the current-voltage and noise cur-
rent characteristics, together with the measured results,
for sample 1. The comparison of experimental and the-

10°
Sample 1 \
TMAX
— 10—5 r L=
T, =
=T
— 2 ©
10-10 I L ja 1 1
10*
3] o L N
< 10 \ )
= 7Y
\ ,’ .‘v’ b
10 L i 1 1 ( )
12
uE o, .
1.0 ___"._'::'____ —e,* e __.
~ 09 * \'\ .. [
o8 I \
07 *
. A3 sj
06 | A\
05 1 | 1 1N
-06 —-04 -02 0.0 02 04 0.6
Voltage (V)
FIG. 4. (a) Calculated maximum transmission coeffi-

cient through the entire structure (solid curve), transmis-
sion through barrier 1 (chained curve), and barrier 2 (dashed
curve), (b) calculated (dashed curve) and measured (solid
curve) current density, and (c) calculated and measured
shot-noise factor, all as a function of bias voltage for sam-
ple 1. In (c) the dashed curve is calculated from Eq. (8), the
chained curve from Eq. (4.38) of Ref. 8, and the symbols show
the measured values.
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oretical current densities [Fig. 4(b)] shows two experi-
mental features not reproduced accurately by the theory.
These are the first negative differential resistance (NDR)
regions seen above 0.36 V in positive bias and 0.14 V
in negative bias. In both cases the failure of the theory
is due to the neglect of scattering. In forward bias, the
charge accumulation is very large, pushing the NDR re-
gion to much higher voltages. When the first resonant
level drops below the emitter conduction band edge in
the actual device, there is appreciable charge remaining
in the well due to scattering to the resonant level from
higher energies and the collector barrier does not drop
sharply. The current is reduced as the resonant compo-
nent switches off, leading to the NDR region. In contrast,
the theoretical charge density in the well drops precipi-
tously at this voltage and the resulting sharp redistribu-
tion in voltage drops leads to a huge increase in tunneling
current. Under negative bias the theory underestimates
the valley current due to nonresonant scattering contri-
butions. Since the interesting shot-noise suppression oc-
curs on resonance under positive bias, neither of these
failures is critical to our analysis.

The calculated results shown in Fig. 4 quantitatively
confirm several expectations from the simple analysis. In
the voltage region around 0.3 V, T,,,ax is nearly unity and
correspondingly Ty = T, consistent with Eq. (5). In the
same voltage region and only in this region, v — 0.5 in
agreement with Eq. (8). The experimental and the cal-
culated shot-noise factors are in reasonably good agree-
ment. However, the measured « values are higher than
the calculated ones in the voltage range of 0.2-0.36 V.
This could be caused by some nonideal (for example, de-
fect related) parallel conduction paths in addition to the
ideal resonant-tunneling one, by the inaccuracy of the
numerical model in predicting the voltage positions, or
by the neglect of scattering noted above, which would
reduce the Tpa.x value below unity and lead to the ob-
served results. Beyond this voltage region in the NDR
region, no comparisons can be made because this region
is not accessible by our experimental setup, and also be-
cause the numerical model breaks down.

We now discuss other related work in relation to the
present work. This study was partly motivated by the
work of Li et al.!! The devices studied there also in-
cluded asymmetric structures. However, they did not
seem to see that the suppression had a strong voltage de-
pendence for a given sample, whereas we find (as shown
in Figs. 2 and 4) that only in the finite voltage range
where the maximum transmission is close to unity is the
shot noise significantly suppressed. To show the differ-
ence between our data and those of Li et al., we plot the
measured noise vs current, both normalized to I,orm, in
Fig. 5, where I,orm is the current at the resonant peak
for positive bias. The inset shows the negative voltage
data normalized to the current at the resonant peak for
negative bias in order to expand the low current region
for this bias. If Fig. 5 is compared with Fig. 3 of Li et
al., significant differences can be seen: for example, their
sample S2 showed only a small amount of suppression
under forward bias, and S3 showed suppression of the
same magnitude as ours but for both forward and reverse

1.0 _ _ I+
34T norm = Tpeak norm ~ " peak
4
08 27 v
1 2
£ e
€ 060
£ L S .
© .
[QV N
~. 04
™~ C
~ 7 a----a Sample 1, + bias
02 £ v v v Sample 1, — bias
: B x---x Sample 2, + bias
+ + + Sample 2, — bias
@---4 Sample 3, + bias
© © © Sample 3, — bias
0.0 T T

T | T
0.0 0.2 0.4 0.6 0.8 10
I / I norm

FIG. 5. Normalized noise vs current. I,orm is the current
at the resonant peak of positive bias. The inset shows the neg-
ative voltage data normalized to the current at the resonant
peak of negative bias.

bias voltages and apparently independent of the current.
Furthermore, Li et al. qualitatively discussed their ob-
served shot noise suppression in terms of incoherent and
sequential tunneling, implying that for coherent tunnel-
ing a full shot noise (v = 1) is expected. The expec-
tation of v = 1/2 for fully sequential tunneling may be
justified; but coherence does not imply that -~ is equal to
1—as shown, for example, by Biittiker,” Beenakker and
Biittiker,!® and by Eq. (8).

Our work was also partly motivated by the prediction
by Brown!® and by van de Roer et al.'? of a feedback ef-
fect due to the charge buildup, giving rise to a shot-noise
suppression. The basic idea is that since the current and
the built-up charge are directly related, a fluctuation in
the current leads to a fluctuation in the built-up charge
which in turn modifies the potential, resulting in a change
in current. The devices studied by Brown and by van de
Roer et al. were symmetric ones for which a smaller
amount of charge buildup is expected. We therefore de-
signed the asymmetric samples to enhance the effect. In
addition, if this feedback effect did cause a reduction in
the shot noise, we would observe the suppression not only
in the region where Tpax — 1 but also in the region where
transmission through the emitter barrier is much higher
than that for the collector barrier, because in this re-
gion the charge buildup in the well is maximal.®'% From
Fig. 3(b), there is a substantial amount of charge buildup
for all nonzero positive voltages, and from Fig. 4(a),
Ty > T, for all positive voltages up to about 0.3 V;
however, suppression is only seen in a smaller range of
voltages. Our experiments therefore do not provide any
additional evidence of the effect proposed by Brown!®
and by van de Roer et al.'2 although we cannot rule out
its existence due to the limited accuracy of the calcu-
lated results in comparison with experiments as shown
in Fig. 4(c).
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In our discussion throughout Egs. (1)-(8), we have
used a completely coherent approach neglecting any scat-
tering effects. While this may be justified for phase-
preserving elastic scattering perturbations if an appro-
priate broadening in the resonance width is included for
Eq. (4), the effects of dephasing and dissipation must be
considered since the intrinsic characteristic time scales
for our structures are not very short by comparison with
scattering times. However, this is a complicated issue
that deserves further study.®!® The use of results de-
rived from a coherent approach is consistent with the
theoretical results of Shimizu and Ueda.® A central re-
sult of theirs is that Eq. (1) formally holds even when
the phase is destroyed during the traversal of an elec-
tron through the structure. They concluded, however,

that dissipation would cause a modification of Eq. (1).
Since optical phonon scattering is the dominant energy
relaxation process here and since our results are identi-
cal for temperatures of 4.2 and 77 K, dissipation may be
neglected here.

In summary, we have shown that the shot noise is sup-
pressed in resonant tunneling only when the transmission
is large, and that the maximum shot-noise suppression is
given by a factor approaching 1/2 when the transmission
is near unity. This suppression is expected to be found in
other nanostructures with high transmission coefficients.

We have benefited from discussions with G. Iannac-
cone.
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