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Chalcogenide glasses are widely used in phase-change nonvolatile memories and in optical recording media
for their ability to rapidly change their structure to crystalline, thus obtaining different electrical resistance and
optical reflectivity. Chalcogenide glasses universally display threshold switching, that is a sudden, reversible
transition from a high-resistivity state to a low-resistivity state observed in the current-voltage (/-V) charac-
teristic. Since threshold switching controls the operating voltage and speed of phase-change memories, the
predictability of the switching voltage, current, and speed is of critical importance for selecting the proper
chalcogenide material for memory applications. Although threshold switching has long been recognized to be
an electronic process with an intimate relation to localized states, its detailed physical mechanism is still not
clear. In this work, threshold switching is explained by the field-induced energy increase in electrons in their
hopping transport, moderated by the energy relaxation due to phonon-electron interaction. The energy increase
leads to an enhancement of conductivity and a collapse of the electric field within the amorphous chalcogenide
layer, accounting for the observed negative differential resistance at switching. Threshold switching is found to
obey to a constant electrical-power condition. The proposed model generally applies to low-mobility semicon-
ductors featuring a deep Fermi level and hopping-type conduction, and can predict the thickness, temperature,

and material dependence of threshold voltage and current.
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I. INTRODUCTION

Chalcogenide glasses are attracting a growing research
interest for their broad application as phase-change materials
in nonvolatile memories and optical recording media.!"> The
most intriguing phenomenon in the conduction characteristic
of these materials is threshold switching. First discovered in
chalcogenide glasses by Ovshinsky? in the late 1960s, thresh-
old switching is the result of a negative differential-
resistance (NDR) behavior and appears as a sudden transition
to a highly conductive state, once the applied electrical volt-
age exceeds a critical (threshold) voltage.* In phase-change
memories, threshold switching defines the critical boundary
between the read and write ranges for current and voltage,’
while the switching dynamics determines the ultimate speed
for programming the memory cell.* Therefore, the ability to
predict the threshold switching voltage and speed for a spe-
cific chalcogenide material is essential for developing fast
and reliable phase-change memories.’

Understanding the threshold switching mechanism is an
essential task not only in view of the industrial application,
but also in the fundamental study of band structure and trans-
port properties of amorphous semiconductors.~® In fact, the
nature of threshold switching was recognized to be
electronic,*!? and the essential role of trapped-carrier trans-
port, namely small-polaron hopping!!'~'* or thermally in-
duced Poole-Frenkel (PF) conduction,'>!¢ was pointed out. A
detailed physical description of threshold switching may thus
contribute to the conceptual clarification of transport mecha-
nisms at localized states in amorphous semiconductors, par-
ticularly under off-equilibrium conditions.'”~!"

The present study is a theoretical analysis of conduction
and threshold switching in chalcogenide glasses based on (a)
thermally assisted hopping transport,'>!¢ (b) enhancement of
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carrier energy at high electric field,'*"” and (c) energy-
relaxation phenomena due to electron-phonon
interaction.'’"!° First, the thermally assisted hopping conduc-
tion model in chalcogenide glasses is clarified with the aid of
numerical simulations to compare tunneling and thermally
activated PF transport contributions. Then a physical model
for threshold switching is developed based on the balance
between field-induced energy gain and energy relaxation by
electron-phonon scattering. The model accounts for the
thickness, temperature, and energy-gap dependence of sub-
threshold and switching characteristics of chalcogenide
glasses.

II. THERMALLY ASSISTED HOPPING

The electronic threshold switching in chalcogenide
glasses is interpreted here as a result of an instability in the
transport process at high electric fields. Thus, to develop a
realistic switching model, it is necessary to understand elec-
trical transport at equilibrium in the chalcogenide glass.
Chalcogenide materials in the amorphous phase are charac-
terized by the presence of a large concentration of localized
states (or traps) for electrons and holes in the forbidden gap,
as a result of the disordered atomic structure at long
range.®320 Given the large concentration of donor and accep-
tor states, the Fermi level tends to locate in the middle of the
energy gap, leading to a large resistivity and a large activa-
tion energy for conduction.'>? Since the density of states is
significant at the Fermi level, electrical conduction is con-
trolled by trap states.”’ This has been evidenced by experi-
ments on amorphous Ge,Sb,Tes, a typical chalcogenide ma-
terial used in phase-change memory applications.!> The
current in Ge,Sb,Tes devices was shown to increase expo-
nentially with voltage, and the activation energy for conduc-

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.78.035308

DANIELE IELMINI

Energy [eV]

Energy [eV]

1
10
Position [nm]

FIG. 1. (Color online) Profile of the electron potential energy
along the minimum path between localized states S1 and S2, with
electric field F = 0 (top) and 0.5 MV cm™ (bottom). Schematic for
the electron transport processes via localized states: (i) tunneling
through the energy barrier at E, (ii) thermal (PF) emission over the
energy barrier and (iii) thermally assisted tunneling through the
energy barrier at an energy E> E7.

tion was found to be close to half of the energy gap and
linearly decreasing with voltage. These data were interpreted
as consequences of a trap-limited transport process, e.g.,
hopping of carriers through localized states by the funda-
mental mechanisms of tunneling and/or PF effects.!>16
Moreover, a hopping mechanism due to small polarons was
evidenced by Hall measurements for some chalcogenide
glasses, namely As,Te;, As,Se;, and Sb,Te;.!>'* In these
cases, carriers hop through localized states resulting from
self-trapping in the disorder network, rather than through
pre-existing gap states associated to point defects (dangling
bonds, vacancies, etc.) or to the structural and chemical dis-
order (i.e., the so-called Anderson states?”). In general, the
hopping process may occur at defects- and disorder-related
states, although carrying a significant small-polaron contri-
bution due to the distortion/relaxation of the local structure
when a hopping carrier is captured/emitted.?’ It should be
noted that whether the localized states are due to small po-
larons or to disorder or to both, the transfer of a carrier from
one state to the other occurs by the same fundamental pro-
cesses, namely thermal emission or tunneling. The only dif-
ference is that, in the case of a polaron contribution to local-
ized state, the activation energy for transport includes both
the thermal emission for the carrier hopping and the struc-
tural rearrangement in the vicinity of the trapped carrier.
However, the functional dependence on temperature and
voltage of the hopping process will not be affected by the
original assumption about the nature of the localized state.
The tunneling and thermal-emission mechanisms are de-
picted in Fig. 1, showing the energy-potential profile along
the direction connecting two positively charged states, S1
and S2. No electric field is applied in Fig. 1(a), while a field
F=0.5 MV cm™' is assumed in Fig. 1(b). The localized
states are assumed to have an energy of E;=E~—0.3 eV at
zero applied field, where E is the conduction-band edge in
the middle between the two traps. These were assumed to be
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located at a distance Az=5 nm from each other. As shown in
Fig. 1(b), the tunneling mechanism (i) occurs by transmis-
sion through the potential barrier from S1 to S2, while PF
transport (ii) requires that the electron is thermally emitted to
E., i.e., the first available state extending freely from S1 to
S2. After the electron accesses the level E, recapture by the
S2 will be possible. Also shown in Fig. 1(a) is a third mecha-
nism (iii), obtained by a combination of thermal emission
and tunneling, namely thermally assisted tunneling. This
consists of a thermal excitation within S1 to an energy level
E below E, followed by tunneling through the potential bar-
rier seen at E. While the probability of reaching E is expo-
nentially decreasing with E, the probability of tunneling
through the barrier may be significantly higher than the tun-
neling probability for a “cold” electron at Er.

To assess the nature of the conduction mechanism in chal-
cogenide glasses, the energy dependence of the average
transfer rate from S1 to S2 was calculated. In the calcula-
tions, the transfer rate R[s™! eV~!] was evaluated as

Pun(E) dP,

R(E) = ,
() To dE

(1)
where 7, is a characteristic attempt-to-escape time for elec-
tron excitation in the localized state, dP, is the probability for
an electron to have an energy between E and E+dE, and P,
is the tunneling probability at E. The attempt-to-escape time
was set to 7,=107'* s, consistent with the typical phonon-
induced excitation time (107'4-10713 5).2° dP,/dE was as-
sumed to obey a Maxwell-Boltzmann distribution, thus ne-
glecting the effects of energy quantization in the potential
wells. P,(E) was calculated according to the Wentzel-
Kramers-Brillouin (WKB) approximation and considering
the potential barrier across the minimum path from S1 to S2,
as shown in Fig. 1. For electron energies above the potential
barrier top [E>E in Eq. (1)], a unit tunneling probability
was assumed (Py,,=1). The energy E;=E-—0.3 eV roughly
corresponds to typical trap energy levels located close to the
Fermi level for materials used in phase-change memory ap-
plications, e.g., amorphous Ge,Sb,Tes.

Figure 2 shows the electron transfer rate calculated by Eq.
(1), as a function of energy, for electric fields F=0, 0.1, and
0.2 MV cm™! at room temperature. Larger rates in the figure
correspond to higher current contributions. The results indi-
cate that tunneling at E=E; (i.e., without excitation) is prac-
tically negligible, as compared to thermally assisted tunnel-
ing (E;<E<E,) and PF emission (E=E.). The transfer
rate is maximum for energies around the top of the barrier
(E. for F=0): This is because Eq. (1) features the product of
P,, which decreases for increasing E, and P, which in-
creases for increasing E. The overall contributions of ther-
mally assisted tunneling and PF are thus comparable for typi-
cal trap energies in chalcogenide glasses.

To discriminate between tunneling and PF contributions
in chalcogenide transport, the dependence of tunneling time
Toun and PF time 7pp on applied electric field F' and tempera-
ture T was studied. Transfer times 7, and 7pg represent the
average time for an electron to be transferred from S1 to S2
by thermally assisted tunneling and PF emission, respec-
tively. The transfer times were calculated as [ [R(E)dE]™,
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FIG. 2. (Color online) Transfer rates for the transport mecha-
nisms considered in Fig. 1, as a function of the energy measured
with respect to the trap level E7. A trap energy Ey=E-—0.3 eV was
used. Rates were calculated for three values of the electric field by
Eq. (1).

where the integral was evaluated in the energy ranges (Ey,
E;) and (Es, o) for 7, and 7pp respectively.
The distribution function P, was normalized to unity
[JP(E)dE=1]. Figure 3 shows the calculated transfer times
as a function of voltage and for a constant temperature 7
=300 K, while Fig. 4 shows the calculated times as a func-
tion of (kT)™' and for a constant electric field F
=0.2 MV cm™'. The figures also include the total transfer
time 70,= Tyun 7pp/ (Toun+ 7pp)- Both 7, and 7pp decrease ex-
ponentially with F in Fig. 3 and increase exponentially
(Arrhenius dependence) with (kT)™! in Fig. 4, as experimen-
tally observed in Ref. 15. Note in Fig. 3 that 7pr displays an
exponential dependence on F, instead of F'/? of the conven-
tional PF mechanism:'® This is because the potential barrier
lowering increases linearly with F for very short distances
among traps Az=5 nm (i.e., Poole behavior'®!°). For rela-
tively large Az>10 nm, the conventional PF regime is
recovered.'®2! Figure 3 also compares calculated times for
different trap energies, in the range from 0.2 to 0.4 eV below
E: No significant variation in the relative amount of 7, and
7pp and their field dependence is seen. The inset of Fig. 4
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FIG. 3. (Color online) Calculated transfer times Tpg, Ty, and 7o
as a function of the electric field at room temperature. Trap energies
Er-E-=-0.2,-0.3, and -0.4 eV were used.
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FIG. 4. (Color online) Calculated transfer times 7pg, Ty, and 7
as a function of (kT)™!. A trap energy E;=E-—0.2 eV with an
electric field F=0.2 MV cm™' was used. The inset shows the acti-
vation energies E,, i.e., the slopes of 7pg, Tn, and 7, in the
Arrhenius plot, as a function of the applied electric field F.

shows the F dependence of the activation energy E, (i.e.,
slope on the Arrhenius plot) for the calculated 7, Tpp, and
To: E4 decreases linearly with electric field, which is another
distinctive feature of the experimentally observed trap-
limited transport in chalcogenide glasses.'’

From the comparison in Figs. 2-4, we conclude that both
the magnitude and the field/temperature dependence of tun-
neling and PF processes in the trap-limited current are com-
parable, at least in the range of temperature, field, energy,
and trap spacing of interest for typical chalcogenide materi-
als used in memory applications. The common feature in
these two processes as seen in Fig. 4 is however their ther-
mal activation, namely the need for a significant energy ex-
citation (e.g., by electron-phonon interaction) for a success-
ful tunneling through or emission over the potential barrier.
We will refer to this combined mechanism as a thermally
assisted hopping in the following. Hopping for electrons will
be described as a thermal emission mechanism over an effec-
tive energy barrier, which is obtained replacing the
conduction-band level E- with a conduction-band mobility
edge E(. Hole-hopping mechanism can be described simi-
larly, replacing the valence-band edge FE) with the corre-
sponding mobility edge Ej. This substitution allows taking
into account the thermally assisted tunneling contribution oc-
curring at energies below E. As already mentioned, the ac-
tivation energy in the case of small-polaron hopping includes
not only the carrier energy required to overcome the hopping
barrier, but also the energy for the network relaxation asso-
ciated to carrier self-trapping.

Thermally assisted hopping current density J can be writ-
ten referring to the pictorial energy diagram in Fig. 5(a),
indicating the conduction and valence mobility edges (E(
and Ej, respectively), and the equilibrium Fermi level Ep.
For electron hopping, J is given by!'®
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FIG. 5. (Color online) (a) schematic for the energy distribution
of electrons in the amorphous chalcogenide film at equilibrium (no
applied electrical field). The mobility edges at the conduction and
valence bands E and Ej, respectively, and the Fermi level Ej are
shown. Black and white circles schematically represent occupied
and unoccupied localized states. (b) is the same as (a) but under
off-equilibrium conditions at high electric field. Note the increase in
average energy Ef.

J=2gN;— 2
qINT kT kT (2)

Az EcEry (qFAz)

e in ,
70
where ¢ is the elementary charge, Ny [in units (cm™)] is the
density of traps between Ep, and E, i.e., those contributing
to the electron current, and Az is the average distance be-
tween localized states. The hopping current density in Eq. (2)
includes both PF emission and thermally assisted tunneling
to a neighbor trap, as already discussed. The states involved
in the hopping process may result from small polarons''~!# or
from defects and disorder in the glassy network,%%!520 or
from both.2’ The exponential dependence on (E_-Epyy)/kT
represents the thermal-excitation probability from the aver-
age electron energy (Ep) to the mobility edge E.!%* The
sinh function in Eq. (2) results from the net sum of the ex-
ponential current densities flowing parallel and opposite to
the electric field, respectively.!619-20

Equation (2) was checked against electrical characteriza-
tion results for nanometer-sized regions of amorphous
Ge,Sb,Tes with thickness in the range of few tens of
nanometers.'>!® The equation could account for several ex-
perimental observations in the current/voltage regime below
threshold switching, namely (a) the voltage dependence of
the current, comprising a linear and an exponential regime,
(b) the Arrhenius-like temperature dependence of the current,
(c) the voltage dependence of the activation energy for con-
duction, and (d) the correlation between low-voltage resis-
tance and the logarithmic subthreshold slope, defined as
dlog(J)/dV.'¢ This broad agreement with experimental re-
sults supports the equilibrium-transport model in Eq. (2) as a
sound theoretical basis to investigate the threshold switching
mechanism.
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III. THRESHOLD SWITCHING MECHANISM

Threshold switching in chalcogenide glasses appears as a
sudden increase in conductivity with a NDR behavior, lead-
ing to a characteristic snap back of the voltage. To account
for this current-instability phenomenon, the effects of high
electric fields on the thermally assisted hopping mechanism
are studied. Figure 5(a) schematically shows the mobility
gap of a chalcogenide glass,?® defined by mobility edges Ef.
and Ey, and where the equilibrium Fermi level Ep is pinned
at midgap.?? Application of a large voltage can lead to an
energy gain of the carriers by the electric field, thus estab-
lishing a nonequilibrium carrier distribution in the amor-
phous semiconductor as depicted in Fig. 5(b).'®!23 Consid-
ering only electron transport for simplicity, the average
excess energy for electrons at one point z along the transport
direction can be given by the difference between the quasi-
Fermi energy Ef, defined as the energy level for which the
state-filling probability is 1/2, and Epy. The off-equilibrium
electron distribution may be equivalently described by the
increased effective electron temperature over the equilibrium
temperature 7, although the Er-based description is preferred
here for simplicity.

While the electric field tends to raise Ep, inelastic scatter-
ing processes reduce the excess energy. The effect of inelas-
tic scattering can be modeled as a first-order energy relax-
ation rate, given by'71°

dBr|  ErEn

3)

dt loss Trel

where the energy relaxation time 7, can be associated to
electron-phonon interaction at localized states.’ The balance
between energy gain and relaxation in the slice between z
and z+dz shown in Fig. 5(b) thus reads

J(2)Ep(z) ~ J(z+dz)Ep(z + dz)
q

+J(2)F(z)dz

Er-E

- (9)dz=0. )
Trel

In Eq. (4), the first and second terms on the left hand side
are the product of J and the average excess energy Ef, di-
vided by the unit charge ¢, and account for the energy flow
into the slice at z and out from the slice at z+dz, respectively,
in units [J cm™s™!']. The third and fourth terms represent
energy gain and loss [from Eq. (3)], respectively, where the
concentration of trapped electrons n; contributing to the
electron current is used. The trapped electron concentration
can be obtained by the density of states as

kT

- )
Ec—Ep

nT:NT

where it is assumed that the trap distribution Ny is uniform in
energy and that only traps within an energy range kT are
populated, which is equivalent to integrating the
exponentially decreasing Maxwell-Boltzmann distribution.?
In Eq. (4), J is uniform due to the continuity condition
[J(z)=J(z+dz)], thus the equation can be simplified to obtain
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FIG. 6. (Color online) Measured I-V curve for a phase-change
memory cell with amorphous Ge,Sb,Tes chalcogenide and calcula-
tion results obtained from the coupled solution of Egs. (2) and (6)
for three values of the amorphous chalcogenide thickness, namely
u,=10, 25, and 40 nm. The three bias points P1, P2, and P3 con-
sidered in Fig. 5 are shown.
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dZ 4 J Trel ( )

where the first and second terms on the right hand side de-
scribe energy gain and loss, respectively. Equation (6) has to
be solved together with Eq. (2): in the latter, the equilibrium
Fermi level Er, has to be replaced by the more general
quasi-Fermi level Ep, thus allowing to describe off-
equilibrium conditions at threshold switching.

IV. SIMULATION RESULTS

Coupled Egs. (2) and (6) and the relation between field
and potential energy F=q 'dE’-/dz were solved for any ar-
bitrary current density J, thus obtaining the profiles of the
quasi-Fermi level (Ey), of the electrostatic potential (E.) and
the total voltage across the chalcogenide layer. Figure 6
shows the resulting theoretical /-V characteristic compared to
experimental data for a phase-change memory device. This
consists of a Ge,Sb,Tes layer with a constrained bottom con-
tact with area of about 1000 nm?, to enhance the current
crowding and the consequent Joule heating, which is used
for melting and crystallization processes.’* The cell was
measured after the application of a programming pulse with
a quenching time of less than 20 ns, resulting in the
formation of an amorphous region in the chalcogenide layer
by quenching from the liquid phase. In the calculations, it
was assumed that E.—Ep=0.3 eV, Az=7 nm, and
Ny=3X%10" cm™. The energy relaxation time was assumed
T,a=10713 s, which agrees well with the rate of energy loss
in amorphous semiconductors due to electron-phonon
interaction.”> A higher limit for the energy loss rate
in amorphous semiconductors is approximated by Mott and
Davis® as dE/dt=—hw}, leading to 7,q~AE/(hw})=1/w,
=0.7Xx 1071 s for hwy=10 meV. A longer relaxation time
is expected for increasingly low density of trap states and
high-energy distance between contiguous levels."”

In Fig. 6, different values for the thickness u, of the amor-
phous region were assumed, and the best agreement with
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FIG. 7. (Color online) Calculated profiles of conduction-band
mobility edge E( [solid line, (a)], quasi-Fermi level Ej [dashed
line, (a)], and average excess energy Ep-Ep, (b), for the three bias
points P1, P2, and P3 in Fig. 6. Thickness of the amorphous chal-
cogenide layer is u,=40 nm.

experiments was obtained for #,=40 nm, which is consis-
tent with direct transmission electron microscopy (TEM) ob-
servation of the amorphous region in the memory cell.>> The
difference between the experimental and calculated I-V
curves above the switching point is due to circuit-induced
current spiking due to NDR*?% and consequent crystalliza-
tion. As a result, the measured -V characteristic above
switching should not be taken as a reference for the electrical
behavior of the amorphous-chalcogenide device.

To understand the switching mechanisms in this model,
Fig. 7 shows the calculated profile of E( and E [Fig. 7(a)]
and of Ep-Eg, [Fig. 7(b)] for u,=40 nm at the three bias
points shown in Fig. 6. These are chosen in the subthreshold
regime (bias point P1 at a current /=2X 107" A, where the
differential resistance is positive or dV/dI>0), at the switch-
ing point (P2 at I=5X10"° A, dV/dI=0) and above the
switching point (P3 at I=5X 107 A, dV/dI<0). Positive
and negative electrodes in the simulations were assumed
ideal conductors (zero resistivity) and the contacts were as-
sumed ohmic.! In the subthreshold region (bias point P1),
both E. and Ep=~ E are linear, indicating a uniform electric
field and an equilibrium energy distribution of electrons. At
the switching point P2, the E profile is significantly higher
than Eg,. This is also clear from Fig. 7(b), showing that the
excess energy Ep-Ep, increases linearly for very small z
close to the cathode, then saturates to Ep-Epy=~30 meV for
z>3 nm. This can be understood based on Eq. (6), where
energy gain dominates over relaxation for z close to the cath-
ode, yielding a linear increase Ep=FEpy+qFz. For large z,
relaxation becomes relatively important and damps the ex-
cess energy to

JFTrel

Ep=Ep+ , (7)
nr

which accounts for the constant Ep-Ep, at large z in Fig.
7(b). Note that the excess energy is proportional to the power
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FIG. 8. Calculated Vy (a) and I (b) as a function of amorphous
chalcogenide thickness u,. Also shown is the excess energy in the
ON region at switching E-Ep, (b).

density P”=JF in Eq. (7), and can be viewed as the fraction
of Joule power transferred to the electron population and not
yet converted in lattice heating by the relaxation process.
Equation (7) also applies to bias point P1, although the Joule
power is negligible here and Ep-Ef, cannot be resolved in
the figure.

The E_. profile in the NDR region (bias point P3) becomes
markedly nonuniform, with a large electric field close to the
cathode interface and a small field for z sufficiently far from
the cathode. This can be explained by the Ey-Ep, profile in
Fig. 7(b), where the excess energy increases from 0O at the
cathode interface (z=0) to a large value for z>15 nm
(Ep-Epy=0.15 eV). Here, a relatively small field is needed
to sustain the current density flowing in the device, since J
depends exponentially on Er in Eq. (2). As a result, the volt-
age in P3 is smaller than in P2, although the respective cur-
rent is larger, which is the distinctive NDR feature of thresh-
old switching. It can be concluded that switching in this
model results from the increase in E and the collapse of F in
the chalcogenide region far from the cathode interface,
which will be called the ON region.'¢

Figure 8 shows the calculated threshold voltage V; and
threshold current I, defined as the coordinates of the point
where dV/dI=0, as a function of u,. V; linearly increases
with u, in Fig. 8(a), in agreement with the reported critical
field for threshold switching.?’ In Fig. 8(b), I; is almost con-
stant (I;=4 wA) for u,>10 nm, which from Eq. (2), is
consistent with a constant electric field at switching. How-
ever, for u, decreasing below 10 nm, /; increases. This can
be understood considering the calculated Ex-Ef, in the ON
region at the switching point V; also shown in Fig. 8(b): For
small u,, the thickness of the ON region with saturated ex-
cess energy Ep-Epy becomes increasingly small, thus the
field collapse results in a smaller voltage snap back. Con-
versely, to establish the condition dV/dI=0, a larger excess
energy is needed for increasingly small u,. The larger /; for
small u, is reflected by a weak increase in switching field
Vy/u, in Fig. 8(a), in agreement with experimental results as
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FIG. 9. (Color online) Calculated I-V characteristics for increas-
ing temperature. Also shown is the constant-power locus of switch-
ing points according to Eq. (8). A critical power density Py =

10" W em™ at 300 K is obtained from Eq. (8).

a function of the thickness of the amorphous chalcogenide
layer.?*

Figure 9 shows the calculated /-V characteristics for in-
creasing 7, from 200 to 500 K. The calculated curves are
reported only in the subthreshold regime (I<I;). The sub-
threshold current increases for increasing 7', as a result of the
strong temperature activation of hopping transport in Eq. (2).
Vr decreases and I; increases with 7T, which is consistent
with previous experiments on chalcogenide glasses.”®2° This
can be explained noting that conductivity increases exponen-
tially with y=(Ep-Epy) /KT in Eq. (2). Switching occurs only
when 7y reaches a critical value vy in the ON region
[yr=1 from the Ep profile in Fig. 8(b)], thus causing the
internal collapse of the electric field and initiating the NDR
state. The critical value of 7y, can be translated into a
constant-power condition for switching, with a critical power
density Py given by Eq. (7) as

¥rN(KT)?
7 re](E'C'EFo) '

where Eq. (5) was used. The validity of this criterion is dem-
onstrated in Fig. 9, where switching points are found to lie
very close to constant-power curves at their respective tem-
peratures (e.g., P7=10'"" W ecm™ for 7=300 K).

The dependence of transport and switching processes on
the mobility gap (hence on chemical composition) of the
chalcogenide glass was finally investigated. Figure 10 shows
calculated I-V curves for increasing E.-Epg, in the range
from 0.2 to 0.4 eV. While changing E_-Ep, has a dramatic
impact on the subthreshold current, due to the exponential
dependence in Eq. (2), I; remains almost unaffected, as a
result of the constant-power condition in Eq. (8). The
mobility-gap dependence in Fig. 10 is in agreement with the
relatively small threshold voltage observed in narrow-gap
SbTe alloys® and with the composition dependence of Vi
among pseudobinary compounds (GeTe),(Sb,Te5),,.>°

Pl =JF= (8)

V. DISCUSSION

The physical interpretation and modeling of threshold
switching in this work is based on the crucial role of energy
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FIG. 10. (Color online) Calculated I-V characteristics for in-
creasing energy difference E-Ey at room temperature. Also shown
is the constant-power locus of switching points according to Eq. (8).
A critical power density Py = 10" W cm™ is obtained from Eq.

(8).

gain for the hopping process. Carrier energy gain in amor-
phous semiconductors (e.g., chalcogenide glasses), which re-
sults from the balance between field-driven gain and phonon-
induced energy relaxation, is similar to the hot-electron
effect in crystalline semiconductor (e.g., silicon). However, it
should be remarked that the impact on the transport pro-
cesses is rather different in the two cases. In fact, the energy
gain of a localized electron exponentially enhances its hop-
ping rate, or equivalently its velocity. This results from the
thermal activation of the hopping process: Equation (2) pre-
dicts in fact a current increase by a factor e for an energy
enhancement of a mere kT. In the case of crystalline semi-
conductor, instead, the drift and diffusion processes depend
on carrier mobility, which is controlled by the effective mass
and the scattering rate. While the former is rather insensitive
of the carrier energy (except for intervalley scattering effects
in GaAs, which degrades the effective mobility), the scatter-
ing rate strongly increases with energy due to optical phonon
and impact ionization scattering effects. This leads to a gen-
eral decrease in carrier mobility, as opposed to the conduc-
tivity enhancement for increasing energy, which is essential
to account for the threshold-switching phenomenon.

It should be noted that the conductivity enhancement
alone may not account for the NDR state and the threshold
switching effect. The second basic ingredient which is nec-
essary to explain the NDR behavior is the nonuniform profile
of the electric field, which is established at the onset of
threshold switching. The field distribution is nonuniform
along the amorphous layer thickness because of the finite
distance (“dead space”) required for electrons to gain energy,
as evidenced by the calculated Ep-Ep in Fig. 7. The elevated
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field in this dead space provides the necessary energy gain to
sustain the large conductivity and the small electric field in
the ON space above the switching point. Dead space effects
are frequently encountered in crystalline-semiconductor de-
vices based on hot carriers, such as avalanche
photodiodes®'3> and Gunn diodes.?* Therefore, it is not sur-
prising that a dead-space effect strongly influences threshold
switching, which is intimately related to energy gain in lo-
calized states.

Finally, it should be noted that, due to the general hypoth-
esis assumed in the development of this model, the
threshold-switching theory discussed in this work may apply
not only to chalcogenide glasses, but generally to most amor-
phous semiconductors featuring NDR and associated switch-
ing effect. In fact, according to the theoretical explanation in
this work, switching results from two necessary conditions:
(a) hopping conduction with a large concentration of local-
ized states and a deep equilibrium Fermi level and (b) a finite
energy relaxation rate. Thus this switching model may ac-
count for the observed switching effects in other semicon-
ductors such as amorphous boron and transition-metal
oxides."?* On the other hand, the threshold-switching
mechanism discussed in this work may be excluded for most
crystalline and polycrystalline semiconductors, where the
Fermi level is not necessarily deep (because of possible dop-
ing resulting from impurities or point defects) and/or the trap
concentration is not sufficient for hopping to be the dominant
transport mechanism, because of the lack of sufficient disor-
der.

VI. CONCLUSIONS

In conclusion, a threshold-switching mechanism and
model based on the balance between electron energy gain
and relaxation in the hopping transport have been presented.
Threshold switching is explained by the collapse of the elec-
tric field in the chalcogenide material as a result of the off-
equilibrium, high-energy distribution of trapped electrons.
Threshold switching is shown to obey a critical electrical
power-density condition. The proposed switching model al-
lows predicting the subthreshold characteristics and thresh-
old points for different thickness, temperature, and energy
gap of the chalcogenide material, thus contributing to
physics-based design and engineering of phase-change
memory devices.
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