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We estimate the critical size of the initial nucleus of the low-current state in a bistable resonant tunneling
structure which is needed for this nucleus to develop into a lateral switching front. Using the results obtained
for deterministic switching fronts, we argue that for realistic structural parameters the critical nucleus has
macroscopic dimensions and therefore is too large to be created by stochastic electron noise.
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In Ref. 1 the following switching mechanism has been
discussed for the double-barrier resonant tunneling structure
sDBRTd in the presence of electron shot noise. The authors
consider a bistable DBRT with a Z-shaped current-voltage
characteristic. The bistability is due to the charge accumula-
tion in the quantum well.2 The high-current and low-current
states correspond to the high- and low-electron concentration
n in the quantum well, respectively. The high-current state,
which is stable in the absence of fluctuations, becomes meta-
stable due to electron shot noise when the voltageV is cho-
sen close to the threshold voltageVth at the upper boundary
of the bistability rangesFig. 1 in Ref. 1d. Hence the system
eventually jumps to the low-current state. Whereas in small
structures this occurs uniformly over the whole area of the
device,3 in large area structures the transition may occur via
nucleation. The nucleation is a two-stage process: First the
transition happens in a small part of the device, forming an
initial nucleus of the new state. Then this initial nucleus ex-
pands, leading to the transition of the whole structure to the
new state.sThis mechanism has been previously discussed
with respect to bistable microstructures in Ref. 3.d However,
in an analogy with the well-known case of an equilibrium
phase transition, to enable expansion of the initial nucleus of
the new state, its lateral sizer should exceed a certain critical
sizercr.

3–5 Consequently, a quantitative estimate ofrcr would
be useful in order to understand the relevance of the nucle-
ation switching scenario in a DBRT.

The expansion of the nucleus represents a deterministic
process of switching front propagation. Such nonlinear fronts
in bistable DBRT have been studied in Refs. 6–12. Refer-
ences 8–12 are specifically devoted to the sequential tunnel-
ing regime considered in Ref. 1. The critical sizercr can be
estimated on the basis of these results. We shall focus on the
lower bound forrcr, which is given by the characteristic dif-
fusion length ,D of the spatially distributed bistable
system.3–5 Nuclei of smaller sizer ,,D disappear due to the
lateral spreading of the electron charge in the quantum well
and do not trigger a switching front. The effect of curvature
should also be taken into account in case of two lateral di-
mensions as considered in Ref. 1, when the initial nucleus is
cylindrical. This generally makesrcr larger than,D.4 How-
ever, regardless of the lateral dimensionality,,D corresponds
to the lower bound forrcr.

Let us start with a simple analytical estimate for the front
width. For a bistable DBRT,,D is determined by the lateral
spreading of the electron concentration in the well and the

balance of the emitter-well and well-collector currents in the
vertical scathode-anoded direction that determines the regen-
eration of the stored electron charge. In the sequential tun-
neling regime the lateral spreading of electrons in the quan-
tum well is dominated by an electron drift in the self-induced
lateral electrical field.10,12 It is known from the theory of
pattern formation in active systems5,6 that ,D is close to the
width of the interface that connects the coexisting on-and-off
state in the stationary or moving current density pattern, such
as a current density filament or front. The order of magnitude
of the velocity of the switching front is given byfEq. s19d in
Ref. 12g
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where m is the electron mobility in the well,GL /" is the
tunneling rate via the emitter-well barrier,Ee

F is the Fermi
level in the emitter, ande is the electron charge. The concen-
tration of stored electrons in the front can be roughly ap-
proximated by a piecewise exponential profilefEqs. sA5d,
sA6d in Ref. 12g. The characteristic “decay length”,W of this
profile is of the order of
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as immediately follows from Eqs.s17d, s19d, sA5d, sA6d in
Ref. 12. The front widthW, defined as the width over which
the electron concentration changes by approximately 95% of
the high-to-low ratio, is related to,W asW<3,W. For typical
valuesm,105 cm2/V s, GL,1 meV, Ee

F,10 meV we ob-
tain v,107 cm/s andW,1 mm.

Equation s2d gives the characteristic scale of the front
width and reveals its dependence on the main structural pa-
rameters. A quantitive evaluation ofW follows from numeri-
cal simulations12 which show thatW is even larger than pre-
dicted by Eq.s2d. According to Ref. 12 the front width is
about 10mm for a stationary front; it increases with voltage,
i.e., for a moving front, and becomes several times larger
near the threshold voltageVth, i.e., at the end of the range of
bistability fsee Fig. 4b in Ref. 12, where a stationary front
sv=0d according to Fig. 4a corresponds to a voltageuuu
<370 mV, and Vth= uuthu<410 mV according to Fig. 2
thereing. Note that the mobilitym in the well depends on the
scattering time and therefore is related to the broadening of
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the quasibound state in the quantum well. Since the bistabil-
ity range of the DBRT structure shrinks and eventually dis-
appears when the broadening of the quasibound state in-
creases, it is not possible to substantially decrease,D by
choosing a low mobilitym.

Our estimatercr.,D,W,10 mm suggests that for real-
istic DBRT parameters the nucleus represents a macroscopic
object whose lateral dimension is comparable to the typical
lateral size of a DBRT structure.2 Physically, this results
from the efficient redistribution of an electron charge in the
quantum well plane. Since the transition probability de-
creases exponentially with the area of the nucleus,1,3 the
probability of the spontaneous appearance of the critical
nucleus due to shot noise in the structure with extra-large
areaS*prcr

2 is negligible. We note that the probability of the
stochastic generation of a critical nucleus is equal to the
probability that a DBRT with a lateral size of 2rcr<20 mm is
uniformly switched by electron shot noise.

In Ref. 1 a characteristic scaler0=Îhsagd−1/4 was intro-
duced, wherer0 is a characteristic width of the critical profile
nsrd sthis profile is shown in Fig. 3 in Ref. 1d, which corre-
sponds to the saddle point of the functionalFsnd fEq. s14d in
Ref. 1g. This width is determined by the coefficient of lateral
diffusion in the well D sh,Dd and the parameters of the
effective potentiala andg which reflects the balance of the
emitter-well and well-emitter currentsfEq. s5d in Ref. 1g.
The physical meaning ofr0 is similar to the meaning ofrcr in
our consideration. It is shown thatr0,sVth−Vd−1 and thus
pr0

2@S for sVth−Vd→0.1 In this case only uniform transi-
tions are possible. The characteristic time of such uniform
transitions is given by Eq.s6d in Ref. 1. Sincer0 decreases
with the increase ofsVth−Vd, it is assumed thatpr0

2,S for
sufficiently largesVth−Vd and then the switching via nucle-
ation becomes possible.1 Reference 1 does not provide a

lower bound forr0 in this regime, implicitly assuming thatr0

becomes sufficiently small. Our consideration shows that this
crossover might not happen for realistic DBRT parameters
becausercr

2 remains comparable toS regardless of the voltage
V. In principle, the nucleation scenario remains possible in
extra-large structuressS@prcr

2 d whensVth−Vd is chosen suf-
ficiently small so thatS@pr0

2.prcr
2 . In practice, in this mac-

roscopic limit the statistical properties of the switching time
are determined rather by the fluctuations of the applied volt-
age V and broadening of the threshold voltageVth due to
imperfections of the DBRT structure. The inaccuracy of the
applied voltage becomes particularly important for transient
measurements, such as those performed in Ref. 13, when the
applied voltage is dynamically increased in a stepwise man-
ner to reach the metastable state at the edge of the bistability
range.

In conclusion, the results of the studies of lateral switch-
ing fronts in a bistable DBRTsRef. 12d suggest that the
critical nucleus, which is needed to trigger such a switching
front, has a macroscopically large lateral dimensionse.g.,
.10 mmd for realistic structural parameters. Therefore it is
doubtful that the nucleation scenario that implies triggering
of the lateral front by shot electron noise is possible in a
DBRT. The effect of electron shot noise on the lifetime of the
metastable state rather decreases with increasing area of the
DBRT structure and vanishes for structures with macro-
scopic lateral dimensions, in agreement with Ref. 3. This
does not exclude that the nucleation mechanism might be
relevant in other bistable systems.
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