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Abstract. The cooperative electron-electron interaction i®© the case of several levels. The restriction of assuming
one of the mechanisms for the occurrence of trap-to-batidt the band electrons have the same energy is removed as
transitions in chalcogenide memories. Here its analysis vi€ll. The analysis confirms the dependence of the snap-back
tackled by considering the presence of several trap levels, thl'enomenon on the driving current. It also shows that the
removing the limitations of earlier approaches. Also, the actidaed-back process is actually made of the combination of two
of two feed-back mechanisms is demonstrated. The resutiechanisms.

show that the detrapping probability increases with the currdrgtting f, be the filling fraction of thekth level E;. of a
density, this supporting the interpretation by which successitrap, in the equilibrium condition the Fermi statistics ffyr
electron-electron scattering events may play a major role liolds, which keeps the majority of traps filled and makes the
determining the snap-back of thgV') characteristic in this population of the band and of the upper trap levels negligible.
kind of materials. An external perturbation (typically produced by a current
generator) results in an increase in the band population. The
electron concentratiom of the band is described through

a modified Fermi statistics in which the Fermi levB}- is
Some of the amorphous chalcogenide materials exhibitrgplaced with the quasi-Fermi levél,. This is equivalent to
transition from a highly resistive to a conductive state, charaghifting the statistics along the energy axis. This description
terized by a voltage snap-back. Thanks to this feature they &eacceptable because in the typical operating conditions the
used in the fabrication of nonvolatile memories [1]. Carrigfiand electrons do not become significantly hot [2]. The higher
transport in chalcogenides is modeled by considering twamber of band electrons increases the probability of the trap-
contributions: electron hopping via localized states (traps), attdband transitions per unit time due to the cooperative effect.
motion of electron in extended states (i.e., band electronSlch a probability is the largest for the highest trap lev&l;(

The snap-back event is related to the sharp energy dependénciigure 1) because the transition enerfy: — E;; (with

of the extraction mechanism responsible for the trap-to-bang: the bottom of the band) is the smallest. However, as the
transition of the trapped electrons [2]. This transition can kgpulation ofE); is initially negligible, so is the number of
started by different phenomena, such as impact ionizationelectrons that are promoted to the band. On the other hand
field-induced emission. While the former is not sufficientlyhe cooperative effect induces transitions among all pairs of
frequent at the operating condition of the device near threghap levels; such transitions, in turn, tend to equalize the level
old, the second one cannot always provide a positive sgifepulations, including that of,,. The increased population of
sustained feedback mechanism, as required for the negatikg; provides a larger supply of electrons that can be promoted
differential resistance to occur. A third detrapping mechanism the band, this providing one of the two contributions to
is is ascribed to the cooperative effect of band electrons ovthe feed-back mechanism. Finally, the larger concentration
trapped electrons [3], [4]. This mechanism is similar to impaef band electrons makes the cooperative effect stronger, this
ionization, but involves only low-energy band electrons. [sroviding the other contribution to feed-back. As more current
seems a promising candidate to explain the feed-back effe@t.injected into the device; keeps increasing at the expense
Macroscopic models describing the generation process of-the population of the trap levels. The two contributions to
duced by the Coulomb interaction of a trapped electrdsed-back are investigated in the next sections.

with band electrons make use of a generation rate. To de-
rive the latter from first principles we used a numerical
approach [3], exploiting a solver of the two-electron, time-
dependent Schrodinger equation. Basing on this approdldie E; < FEj transition probabilities per unit time be-
one evaluates the detrapping probability as a function of theeen the levels of indices, k£ combine the effects of the
current density in terms of the number of band electrons aphonon stimulated-emission/absorption and electron interac-
given initial energy. While in [2], [4] a single trap level wastions, Py, = Py, = Pf; + Pf,: These terms do not include
considered (the ground state), here the analysis is generalittezl spontaneous emissions, which are treated separately. For

I. INTRODUCTION

Il. TRANSITION PROBABILITIES
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Psi we adopt the same approach as that used in [5], [6], [7] &pproximation tol‘DS’fC in the form
model the degradation phenomena related to interface traps; ) oo

namely, indicating withy the density of states per unit volume = /
of the band, withf the filling fraction of the band states, with
u = u(FE,) the angular average of the group velocity of theith ¢ = 1.602x 10~!% C the electron charge, ank (A,y) >

vuo fdE, ~ 7% T, (Au), (4)
Ak q

band electrons, and lettingy,;, = |Es — Ex|, one has 0 the current density due to the band electrons having a kinetic
. o energyE. > A, + Ey (Keldish-like cross section) o, >
= / ~yuo fdE, . (1) Ag (step-function cross section).
Ak
In the above, I1l. BAND POPULATION
E,— Ay \" The derivation of the balance equations for the energy levels
0 =09 ( = o = ) E.>Ag, >0, (2) is formally the same as, e.g., in laser theory. All traps are

equal to each other and provide a set Mf energy levels

is the Keldysh-like cross section of the interaction betweel, < E, < ... < Ej;. The trap concentration i%, while

the trap electron belonging to leve}. and the band electrons, N, = N f,, is the concentration of traps whod8, level is
while E. is the band-electron energy relative to the minimurilled. The time variation ofV,, due to theF; « Ej, transitions

E¢ of the band and?, a constant. The discussion focuses o8 R;, = P (N; — Ni) — N (1 — £.) /7, With 1 < k <

the integrand of (1), where all factors are non negative. Thg, E; < Ej, and 7, the lifetime of spontaneous phonon
energy dependence of the produet, albeit complicated, is emission. The expression for tHg, < E; case is found by
fixed by the lattice structure; the cross sectioiis a sharply exchanging with k.

increasing function of energy because the expondstiarge. The exchange rate betwedi), and the band has a slightly

In fact, in the problem of [5] the value = 11 is used; in different form because empty band states are always avail-
the fully quantum-mechanical approach of [4], a power afble. It readsR,p = (Pl + PICEB)NIQ — appnN(1 — fr),

the order of a few tens enters the probability that an electramere Pk{’B, PEB are the trap-to-band emission coefficients
leaves the trap due to multiple scattering with band electrorisr the phonon and electron interactions, ang, the band-to-

For a power law of the type of (1), with ~ 10, the sharp trap transition coefficient including the effect of spontaneous
increase ofo starts at the threshold energy,; + Eo. As phonon emission. An Auger-like term is not included in
the filling fraction f has an exponentially-decreasing tail, théhe above expression; this approximation does not violate
producto f is expected to have a peak, whose value deperntie microscopic-balance condition because (4) vanishes at
on the position of the tail along the energy axis. As discusseguilibrium. In this case fronR,z = 0 one finds

in the introduction, such a position shifts when the device is

driven into a non-equilibrium condition by the application of [Pip fil™ = lamen(1 = fa)]*, ®)
an external current. with f.¢ the Fermi statistics. It follows

The products f is shown in figure 2; as expected, the curves 4 cq B E

exhibit a peak, whose value turns out to depend strongly on [P;fjg/am] =n®d exp (u) (6)
the shift of the quasi-Fermi level,,. In the figure, the shift in kpTr

the Fermi distributions is obtained by changing= (E, — Whered is the degeneracy coefficient.

Ec—Ag)/(ksTr) by one unit g5 is the Boltzmann constant, The form of the exchange rates simplifies considerably if one
Ty, the lattice temperature). In contrast, the dependence of agsumes that the transitions occurring between neighboring
peaks’ position om,, is much weaker: solvingexp(n,—n) = levels are dominant. This is justified by the observation that
n — r for  with » = 11 shows that a changén, = 2 moves in this case the energy required to induce the transition is
the peak byAn ~ 0.02; in the more realistic case= 15 one minimum. If, in addition, the electron-interaction perturbation
needsAr, ~ 5.5 to obtain the sameé\s. As a consequence,is large enough to mak&/’ dominant with respect to the
the integration domain in (1) is not changed appreciably by ti#onon-related coefficients”, and1/7,,, expressions similar
shift of E,. This is important for the purpose of the preserio (2a,b,c) of [5] are reached. It follows that in steady state
discussion, because in the calculation of the integral one leatleg level populationsV;, equalize,N; = ... = Ny, as is

the structural factoryu unchanged wherF, changes. As a ascertained easily starting from the balance equation for the
consequence, the changesdifi are not masked by the localground level E; and continuing with those fofs, 3, . . ..
features ofyu, and the exponential-like dependencesgfon  Finally, a spatially-uniform case is considered. Due to the form
E,, is inherited by the integral. of the balance equation for levél,,, the equalization makes

It is worth mentioning that the analysis of [6] provides a difthe exchange rat&,, to vanish. From this, the expression
ferent model for the cross section, nametyis approximated of the common value of the populations is found to be

by a step function nN pP 5E
+ P,
Ni=...=Ny=———, by=-M__MB (7
{ o=0, Ee. < Agk 3) n+ b apM
0 =00, Ee > Ay In the spatially-uniform case the charge density
whose two branches are connected by an exponential. How- 0=q(N—n-— ZNk) (8)
ever, the outcome of the analysis is similar, and yields an "
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vanishes; still considering the situation whé?,é is dominant, where p,,, ur are the band and trap mobility, respectively.
the vanishing ofp coupled with the equalization of the levelinserting the expression(J,, — J*) worked out above into

populations yields (14) provides an intrinsic relatiod, (J). After calculating.J,,
N for each value of the bias current density one determines
N-n- Mn o 0. (9) the corresponding concentration Then, the electric field

. & for each bias point is found frond,, = qu,n€. In this
Then, lettingy = bas + (M —1) N, the band concentration isyway the branch of thé’(I) characteristic above threshold is

found to be determined.

n=y\/v?/4+ Nby —v/2. (10)  Finally, the total current density at thresholé! is determined
Note that (10) holds only above the threshold-switching coffO™ 4 pp(N — nth)
dition of the device (that is, after the onset of the positive Jth — Hn kT = Jth (15)
feed-back mechanism typical of the device [2]), because the HnTt

equalization of the level population is implied in its deriva-
tion. This, in turn, holds only when the electron-interaction
perturbation is dominant.

IV. THRESHOLD CONDITION

Combining the results of sections Il and 1l one finds that
the electron-kinetic energy that defines the threshold-switching
condition of the device i&\ g+ FEo = Ec—En+Ep (for the
symbols refer also to figure 1). Above the threshold-switching \ [

condition one splits the current density of the band/as=
J 4+ J.(Aag), with JEP = const the current density dueto . =~ N\ -

the band electrons having a kinetic enel§y < A, + Ep. EM I E

From (4) it follows / J
PE, = % (Jo — I (11) Ek ~

which, combined with the second of (7), makesndb,, to /
depend linearly onJ,, — JI. Inserting such dependences into E

(10) provides the relation betweenand.J,, — J* that holds 1
above threshold. In particular, the band-electron concentrati,plg 1. Schematic view of a trap with energy levls < ... < Fay.

at thresholdy'®, is found by calculating: with .J,, = Jtb. The grey area above indicates the energy band, whose minimum energy is
Whenv? > 4Nby, the band concentration (10) saturates t&c-
bar N/v (if the trap levels are grouped into a single one, then
M =1, v = by, the expression for, simplifies to (14) of

[2], and the saturation value afbecomesV). The expression

of v can be recast as

V. CONCLUSIONS
The effect of the many-level transitions induced by the co-

v=np+(M—-1)N+3(J, — Ji"), (12) operative interactions between band and trap electrons has
. been investigated in this work. The main results Brehe
with . . .
PE oo role of the power-like energy dependence of the cross section
npg = —"= = (13) & has been clarified: the parameteks;,, F,, andr fix the

aBy B qaBn
The definition ofng in (13) is the same as in [2, Egs. (5,6)]

! o u >
The form ofn = n(J, — J;") is shown in figure 3 where, nort rhation is due to the form of the energy distribution of the

i — 14 —3 _ 19 —3
following [2], we have set; = 107 cm™, N =10""cm . panq electrons; the estimate of the integral (1) confirms that
The values of the other parameters have been fixeghte:

s PE is an exponentially-increasing function &, which in
5 x 1071% em?, apy = 1077 en’ls, Jit = 102 Alem?, _tusrkn explains the positive feed-back mechanism in the transport
M = 5. The figure shoyvs that near threshold the concentratigh,cess [2]iii) The analysis also shows that two mechanisms
of the band electrons increases sharply, to eventually saturgstribute to the feed-back: they are the tendency of the level
In figure 4, then(by,) relation is zoomed in to better show itspopulations to equalize and the increasdb;ﬁ with the band

behavior near threshold. _population; the first one provides a larger supply of electrons

In the spatially-uniform case considered here, the relatiQfyie 1o make a transition front,; to the band: then, the
between the total current density and the band-electron qocond one makes to further increase at the expense of

current densityJ,, is [2, Egs. (17,18)] the traps’ populationiv) In the uniform case the dependence
n = n(Jy,) is worked out analytically. The heuristic expression
of [2] for the J,, dependence has been replaced here by a

threshold energy and the sharpness of the behavidﬁ)f
around thresholdi) The dependence aPZ on the external

_ _ pant
—=0(n), 6n)= ot pr (N =) (14)
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Fig. 2. The continuous line shows the interaction cross seetioalculated
by letting oo = 1, r = 11 in (1). Using the normalized energy = (E —  Fig.

Ag)/(kpTr) yieldso = n". Each bell-shaped curve shows the produet of

by the shifted Fermi distributiott /[exp(n—nn )+ 1] indicated with the same
symbols on the left part of figurej)f is defined in the text). The shift in the
Fermi distributions is obtained by changing = (En—Ec—Ag)/(ksTrL)  [3]
by one unit. The corresponding shift in the peak value of the bell-shaped
curves is found by solving exp(n. — n) = n — r for n. The area of each
bell-shaped curve iB(r+1)®, (1. ), thus its dependence op, is the same as [4]
that of the Fermi integral. In the classical limit it beconi&g: + 1) exp(nn ).

[5]
with the
[6]

[

physical derivation through equation (4) combined
analysis of the trap and band populations.
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Fig. 3. The relatiomm = n[J,(Aprp)] for n > nyy,, as found from (10).
Itis Jn(Anmp) = Jn — JEP. The definition of3 is given in (13).
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