
PHYSICAL REVIEW B VOLUME 46, NUMBER 8 15 AUGUST 1992-II

Noise characteristics of sequential tunneling through double-barrier junctions
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The shot noise and I-V characteristics of multilevel resonant-tunneling systems are investigated in a
stochastic description including strong time correlation derived from the Pauli exclusion of tunneling
electrons. In the 6rst resonance regime, one tunneling electron occupying a quantum-well quasibound
state blocks one channel for the follow-up electrons. This correlation suppresses the shot noise. In the
second (and higher) resonance regime, the tunneling electrons in the quantum well, when experiencing
strong inelastic scatterings, fall immediately to occupy the low-lying off-resonance subband states and
thus do not block the tunneling channels of others. There the noise power density may approach the full

shot-noise level and the tunneling current can be enhanced.

The transport characteristics of double-barrier junc-
tions have received intense experimental and theoretical
investigations. ' In a recent experiment, the unique
feature of shot-noise suppression has been found. In the
coherent tunneling limit, ' when electrons are free from
any scattering while traversing the junction, all the tun-
neling channels are independent of each other. So the
Pauli exclusion among consecutive tunneling electrons
via each same-channel state yields a strong time correla-
tion and suppresses the shot noise. Equivalently, the
transport process can be regarded as elastic scattering of
electrons with the double-barrier junction and the same
suppression factor can be derived from the Landauer-
Buttiker approach. In the opposite sequential tunneling
limit, tunneling electrons experience immediate inelastic
(typically electron-phonon) scatterings when they bounce
back and forth in the quantum well (WQ). " In this pa-
per, we present an analytical stochastic approach to ex-
amining the noise and I-V characteristics of multilevel
resonant-tunneling systems in the sequential tunneling
limit. In the first resonance regime, a tunneling electron
occupying a QW quasibound state blocks one channel for
the follow-up electrons. This correlation suppresses the
shot noise in an identical way as in the coherent tunnel-
ing limit. In the second (and higher) resonance regime
and subject to certain condition as discussed in the con-
text before Eq. (5), the tunneling electrons in the QW, ex-
periencing inelastic scatterings immediately, fall to occu-
py the low-lying off-resonance subband states and thus do
not block the tunneling channels of others. There the
noise power density may approach the full shot-noise lev-
el. For simplicity and clarity, we shall work at zero tem-
perature and assume that the inelastic scattering rate
1/~;„ is much larger than the tunneling broadening of
resonance levels but much smaller than spacing between
the resonance levels so that quality resonance features
survive.

Since the traversal time' for an electron to tunnel
through each single barrier is very small compared with

the lifetime of the resonant state in typical double-barrier
structures, we can approximately regard the events of
traversing either the emitter or the collector barrier as in-
stantaneous. The overall tunneling time, then, is nearly
determined by the inverse of the tunneling broadening of
the resonance levels. The other relevant times are the in-
verse of the inelastic scattering rate of electrons in the
QW, which is also much shorter than the resonance life-
time in the sequential tunneling case. In this case, the
perpendicular transport through a double-barrier junc-
tion can be characterized as a stochastic process. In an
infinitesimal time period At, an electron tunnels through
the emitter barrier into a vacant QW state with probabili-
ty y, ht. It then spends some finite time there and tunnels
through the collector barrier with probability y2ht. y&

and y2 are, respectively, the tunneling rates of the emitter
and the collector barriers. Since most inelastic scatter-
ings occur in the quantum well (rather than within indivi-
dual barriers), y& and y2 are approximately identical as
the ones for the coherent process ' and nearly indepen-
dent of the inelastic scattering rate 1/~;„.

If we count the numbers of these two kinds of events
n, (t) and n2(t) which occur in the time interval [O, t],
their time derivatives give, respectively, the emitter and
the collector barrier currents, i&(t)=B,n&(t) and
iz(t)=B,n2(t). The terminal current, due to the Ramo-
Shockley theorem'

i (t)= [t', (t)+tp(t)]/2

when the junction is biased by a voltage source. For con-

venienc, we work with two random variables

[N (t), n (t)]: the total number of events

&(t)=n, (t)+n2(t)

and the number of electrons staying in the QW

n (t) =n &(t)—n2(t)+no
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with initial value no. In this, the measured current S;(Q-O)= lime (5N(t) )/2t . (2)

I=(i(t)) = lime(N(t))/2t,
f~oo

and the low-frequency noise current power density'
The evolution of the random variables [N(t), n(t)] is

governed by the following stochastic equation:

N(t+bt)
n(t+ht)

N(t)+1
n (t)+1

N(t)+1
n(t) —1

N(t)
n(t)

pht
with probability qht

1 —(p+q)At
(3)

When the system is biased on resonance to the first QW
level, one two-dimensional (2D) subband of QW states is
below the emitter Fermi level. The number of participat-
ing channels Nz is determined by matching the 2D QW
states to the 3D emitter states within the Fermi sphere,
which is obviously dependent upon the bias voltage V.
Although strong inelastic scattering (in the sequential
case} makes all the electrons in the QW fall immediately
to occupy only the low-energy portion of the N~ channel
states, each electron in the well blocks one channel for
the follow-up tunneling electrons. Therefore, the proba-
bility coefficients p and q in the first resonance region are

p = [Nv n(t)]y, , —q =n(t)yz, (4)

in which the Pauli exclusion effect is represented by the
factor [Nt n(t)] W—hen th. e system is biased on reso-
nance to the second (or higher) QW level, two (or more)
2D subbands of QW states are below the emitter Fermi
level and the lower levels are off resonance. Then only
Nz on-resonance channels are responsible for the emitter
current, which are via the on-resonance 2D subband QW
states matching those within the emitter Fermi sphere.
Electrons tunneling through the emitter barrier into the
QW are subject to immediate inelastic scattering so that
they fall to occupy the low-energy states in the lower sub-

bands. When the number of the low-lying off-resonance
states is large enough, the Nv on-resonance channel
states will be virtually empty and always available for
tunneling electrons to come in. Consider, for example, a
three-dimensional system whose first subband states
[e&( V)+a~~~] (q~~ is the parallel lateral momentum which
is conserved in tunneling through one barrier) are off res-
onance and below the emitter band bottom, i.e., s &( V) & 0.
The second subband level [sz(V)+a~~~] is on resonance,
0 & sz( V) & p, (emitter Fermi energy). The above-
mentioned condition is y2[sz( V) —s, ( V) ]» y I [p,„—sz(V)] which obviously involves the bias voltage V.

Therefore, the QW electrons occupying only the off-

resonance first subband states, do not block the partici-
pating channels, and the Pauli exclusion effect will not
show up in this situation. Here and in what follows, y&

and yz denote, respectively, the emitter and collec-
tor barrier tunneling rates at the second (or higher) reso-
nance level. Then

p =N~yI, q =n(t)y2,

so that larger shot noise is expected.
In the first on-resonance region, the master equation

for the distribution function P(N, n, t) can be derived
from Eqs. (3) and (4) as

P(N, n, t+ht)=P(N, n, t)[1 sty, [Nv n(t)] —
hty2n (t)]— —

+P(N —l, n —l, t)sty, [Nv (n —1)]+P(N ——l, n + l, t)bty2(n +1),

or, equivalently,

B,P(N, n, t) = —[y,(N~ —n)+ y 2n ]P(N, n, t)

+y, (N~ n+ 1 )P(N 1—, n —1,t)—
+y2(n+l)P(N —l, n+l, t) .

The initial distribution can be physically chosen as

P(N, n, t =0)=5~Pa(n},

where 5N o= 1 and 5~~0=0. Po(n) is the distribution
for the initial number no of electrons in the QW and will
be chosen as g~P(N, n, t ~ oo }.
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In the second (or higher) resonance region, Eqs. (3)
and (5) yield a three-variable differential-difference equa-
tion for the distribution as

B,P(N, n, t) = (—y', N~+ y 2n )P(N, n, t)

Q(z, t) =gz "Q(n, t),

S(z, t)=gz"S(n, t) .

(14)

(15)

+y)NpP(N —l, n —l, t}

+yz(n +1)P(N —l, n + l, t), (9)

At z =1, these three generating functions give all the
physical information we need to calculate the tunneling
current and the low-frequency noise power density, i.e.,

subject to the same initial condition in Eq. (8). Time t is
continuous while X and n are discrete.

To extract useful information from Eqs. (7) and (9), we
introduce the following reduced distribution functions:

P(z = l, t)=QP(N, n, t)=1,
N, n

Q(z = l, t) =QNP(N, n, t) = (N(t) ),
N, n

(17)

P(n, t) =—QP(N, n, t),

Q (n, t):gN—P(N, n, t),

S(n, t)=QN P(N, n, t),
N

and their generating functions

P(z, t) =gz "P(n, t)—,

(10)

(12)

(13)

S(z = I, t) = gN'P(N, n, t) = (N'(t) ),
N, n

in which the first corresponds to the unitarity of probabil-
ity. The second and the third give, respectively, the
physical mean and fluctuation.

In the first on-resonance region, the generating func-
tions satisfy the following equations, which can be de-
rived from Eq. (7) with Eq. (8):

[8,+N y, (1 z) ]P(z, t)+—( y,z+ y )(z —1)B,P(z, t) =0,
[8,+Nay, (1—z)]Q(z, t)+(y,z+y2)(z —1)B,Q(z, t) = [y &Nt z+(y —y,z )B, ]P(z, t),

(19)

(20)

[8,+Nzy &( I —z)]S(z,t)+(y &z+y2)(z —1)B,S(z, t) = [y,Nqz +(y2 —y &z )8, ]P(z, t)+2[y,Nvz+(y —
y&z )8, ]Q(z, t) .

(21)

The Laplace transformation with respect to the t variable
helps solve the above three equations to produce the
physical mean and fluctuation,

(22)

In the above-mentioned derivation, Eqs. (16)—(18) have
been used. Therefore, the tunneling current [Eq. (1)]

V1 V2+vI=e
V1+ V2

(24)

(N'(t)) =(N(t))'+(N(t)) 1+, +O(t ) .
(ri —yz)'

(ri+r2)'
(23}

proper parameters is biased at such a point that y1= yz,
the shot noise is suppressed most. The noise power densi-

ty is only at the half-full level. In this situation, the aver-
age time for a tunneling electron to spend in the QW
ra=2/(y, +y2) reaches its maximum over the average
transport time r=(y&+y2)/y&yz. So the Pauli-exclusion
correlation has the strongest e8'ect. When the system is
very asymmetrical, either y1»yz or y, &&yz, the ratio
soir is very small. Then the transport is similar to that
through a single-barrier junction and nearly full shot
noise is produced. This suppression feature is identical to
that of the coherent tunneling and has already been
discovered experimentally by Li et al.

In the second (or higher) on-resonance region, we can
derive, from Eq. (9) together with initial condition Eq.
(8), the following equations for the generating functions:

and the noise power density [Eq. (2)]

2V1V2
S; =2eI 1—

(ri+r2}'
(25)

(26)

= [y', Nyz +y,B, ](z,t), (27)

[8,+Nvy', (1—z) JP(z, t)+y2(z —1)B,P(z, t) =0,
[a, +N,'y', (I —z) ]g(z, t)+y, (z —1)a,g (z, t)

which represents a suppressed shot-noise process. The
suppression factor depends mainly on the symmetry of
the two barriers, which is an implicit function of the bias
voltage V via the two tunneling rates. When a system of

[8,+Nvy', (1 z) ]S(z,t) +y 2(z —1)B,S(z—, t)

= [y',Nvz +y28, ]P(z, t)+ 2[y', Nzz+ yzB, ]Q(z, t) .

(28)
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(N(t)&=2y)Nvt=O(t ),
(N'(&) & =(N(l) &'+ (N(r) &+O(r') .

(29)

(30)

In this way, we arrive at the tunneling current [Eq. (1)]

With the help of a Laplace transformation with respect to
t variable and of Eqs. (16)—(18), the above three equa-
tions can be solved to produce the physical mean and
fluctuation

In some systems under certain bias voltage,

}'2[e2( I'}—el( I'})—7'1[P, —e2( I'))

the lower off-resonance QW states, even when they are
fully occupied, cannot drain all of the electrons from the
upper on-resonance QW states. Then the on-resonance
channels can be partly blocked and the shot noise be-
comes suppressed but the suppression level is lower than
that in the coherent limit. The noise power density lies in
between theI=ey )Nv

and noise power density [Eq. (2}]

(31)
2el [1—2r'ir z/(t'i+ re)')

5; =2eI (32)

r [e (I'}—e (I'})»r'i[ls2 e2(I')] .

which stands for full shot noise. Comparing Eq. (31)
with tunneling current

I oh NVeXI72/(3 I+72)

in the absence of inelastic scattering shows that inelastic
scattering tends to enhance tunneling current.

In summary, an analytical stochastic approach is
developed to investigate the noise and I-V characteristics
of multilevel resonant-tunneling structures. In the first
resonance regime, sequential tunneling and coherent tun-
neling have idential shot noise suppression behavior. In
the second and higher resonant regions, inelastic scatter-
ing tends to enhance tunneling current and has a rather
strong e8'ect on noise behavior. The coherent-tunneling
process always leads to the Puali-exclusion-derived
suppression, while the sequential process yields full shot
noise when

and the full 2eI levels. In the extreme case where y2=0,
i.e., when electrons in the lower off-resonance QW states
cannot tunnel out into the collector, all these states will
be fully occupied as soon as a steady transport state is es-
tablished and cannot drain any electrons from the upper
on-resonance QW states. In this limit, the Pauli-blockade
effect is identical as in the first on-resonance region [Eq.
(4})and the shot-noise density is again given by Eq. (25}.

Finally, varying the thickness and/or height of the
emitter and collector barriers and thus tuning the tunnel-
ing broadening of the resonance levels, one can go gradu-
ally from the coherent to the sequential limit, i.e., from
y, 2»1/r;„ to I/r »my, 2. Therefore, to well under-
stand experimental measurements of the shot noise, not
only theoretical studies of the two limits, but also a more
general one to deal with the situation in between them,
are necessary.
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