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Notes on the interpretation of conductivity measurement results
of GST-based PCM structures in reset state with respect to the
origin of conductivity drift

Abstract: The conductivity drift of GST (Ge,Sb,Tes)-based PCM (Phase Change Memory) structures in the reset state hinders the development of
multi-level PCM memories and their applications. Despite intensive research, the origin of this drift remains unclear. The results presented here of
analysis, based on the JMAK and Maxwell-Wagner models, indicate that the current interpretation of the results of conductivity measurements of
GST-based PCM structures in the reset state may cause ambiguity in determining the origin of the conductivity drift of these structures in this state.

Streszczenie: Dryf konduktywnosci struktur pamieci zmiennofazowych (PCM--Phase Change Memory) formowanych na bazie GST (Ge,Sb;Tes) w
stanie reset utrudnia rozwéj wielopoziomowych pamieci PCM i ich zastosowan. Pomimo intensywnych badarn pochodzenie tego dryfu pozostaje
niejasne. Przedstawione wyniki analizy na przyktadzie modeli JMAK i Maxwella-Wagnera wskazujg, ze aktualna interpretacja wynikéw pomiaréw
konduktywno$ci tych struktur moze przyczynia¢ sie do niejednoznaczno$ci w okre$laniu pochodzenia dryfu ich konduktywnosci w tym stanie.

(Uwagi dotyczace interpretacji wynikow pomiaréw konduktywnosci struktur PCM na bazie GST w stanie reset w odniesieniu do

pochodzenia dryfu konduktywnosci)

Stowa kluczowe: dryf konduktywnosci, chalkogenki, materiaty Ge-Sb-Te, pamie¢ zmiennofazowa
Keywords: conductivity drift, chalcogenides, Ge-Sb-Te materials, phase-change memory

Introduction

The "working" element of the PCM devices is the small
volume of a phase change material (PCM) contained
between the two electrodes [e.g.,1]. A certain proportion of
this material is electrically switched between a crystalline
state ("set state” with high conductivity) and an
amorphous state ("reset state” — with low conductivity). GST
(Ge,Sbh,Tes) is one of the basic, most commonly used and
most comprehensively tested phase change materials
among the compositions along the Sh,Te;-GeTe tie-line [e.g.,
2,3]. Of the three known GST phases - stable hexagonal
phase, metastable cubic phase, and amorphous phase - the
change between the metastable crystalline (set) and
amorphous (reset) states is employed since the phase
change between the two phases can take place in
nanoseconds [4]. The basic requirements for the use of this
material in PCM memory include conductivity stability in
both reset and set states.

While in the set (crystalline) state this material is
conductively stable, in the reset state two intervals can be
distinguished with respect to dependence of the
conductivity over time [1,2,3,5]:

1% - after switching to the reset state, the conductivity
decreases as a function of time - this phenomenon is called
the conductivity drift (or resistivity drift) — Fig.1.

2° . after some time, as the crystallization of the
amorphous fraction progresses, the percolative threshold is
attained and conductivity begins to increase rapidly (or
resistivity begins to decrease rapidly [e.g., 2, Fig. 5.2]).
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Fig. 1. Typical conductivity of a-GST (reset state) and ¢-GST (set
state) versus time in Ig-lg scale based on the reported [e.g., in 6]

drift exponent for crystalline ¢-GST in the set state (-0.0008) and for
amorphous a-GST in the reset state (-0.11)

This letter concerns research aimed at explaining the
origin of the conductivity drift.

The conductivity drift of the PCM structures is the
subject of very intensive research [e.g., 7 and references
ibid] because this phenomenon is crucial for the further
development of the PCM technology. It stands in the way of
benefiting from the basic advantage of the PCM memory -
the construction of multilevel memory cells and its
applications, e.g., in the brain-inspired computing [5,7,8,9].

The key element underlying the concepts of the origin of
the drift conductivity of GST-based PCM structures in the
reset state is the observed linear relationship between In(s)
and In(?) in that state [6,10]:

Mm% =m[)"]

or equivalently:
-V
(2) 0=o0 (é)

where ¢ is the measured conductivity, o, is the conductivity
at r=t, and v is the so-called conductivity drift exponent
representing changes of the In/o(t)] versus In(¢) according
to:

_ _d n(o)
@) v= din(t)

Linearity of the relationship (1) means that v(t)=const.
This slowly decreasing conductivity with time (e.g. for GST
v=-0.11 at the reset state, while in the set state v=-0.0008 [6])
fall within the energetic point of view according to which
conductivity drift is interpreted as a symptom of a structural
transition from a highly stressed glass state, existing after
switching to reset state, towards an energetically more
favorable ideal glass configuration [5,9,10].

Very different and sometimes opposing mechanisms
have been proposed to account for the conductivity drift
according to relationships (1,2) [7,11].

These include [11] extrinsic mechanisms, such as
structural ageing [e.g., 2,3,6] or mechanical-strain relief
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[e.g., 4,12,13], as well as intrinsic electronic mechanisms
for which the model was developed in terms of the long-
time, deep-trap release and subsequent recombination of
charge carriers [11].

However, despite very intensive research, the origin of
this phenomenon is far from clarified [2,3,6,7,11,14]. At
present these studies can be boiled down to the
development of the conductivity models of the GST
amorphous fraction. Efforts in the field of this modeling go in
this direction so that the conductivity drift exponent
determined on the base of these models has values as
close as possible to the measured values of this drift
exponent for GST-based PCM structures.

However, after switching to the reset state, the
crystallization of the amorphous region - formed as the
result of this switching - begins, and as a result a
composite of GST crystallites distributed in an amorphous
GST matrix is formed and conductivity of such composite is
measured.

Thus, conclusions about the nature of drift are drawn by
comparing the theoretical results developed for the
relaxation phenomena occurring in an amorphous material
with the results of measurements of a composite consisting
of crystallites immersed in an amorphous matrix.

Expression (1) in fact— concerns the measured
dependence of the conductivity on the time for such a
composition.

There are many models reported in the literature to
describe the conductivity of such a composition
[e.g.,15,16,17].

Procedure outline

To illustrate the effect of crystallization of the amorphous
GST fraction in the reset state on the interpretation of
conductivity measurements in this state, the Maxwell —
Wagner model of the uniformly distributed spherical
elements of one material in the matrix of another material
was chosen [16, 17].

In the case under consideration, these are spherical GST
crystallites uniformly distributed in the amorphous GST
matrix.

The dc conductivity of such a composition according to
this model is defined by the expression [16,17]:

204+0.+2Y (0.—0,)
(4) O_ - O_a a C C a.
204+0.~Y(0.—0g)

where ¢ refers to dc conductivity of the composition, ¢. and
o, refers to the dc conductivity for crystalline and
amorphous fractions respectively and Y refers to volume of
the transformed fraction.

Expression (4) could be written in the form of equation
for o,:

(5) Ac?+Bo,+C=0

where:

(6) A=2(1-Y)

(7) B=0o.(1+2Y)—0(2+Y)

8) C=0.0—-1)

There are two solutions to equation (5):

©) oy = -B+VBZ=44C
a1l = T

—B—VB%2-4AC

(9a) agqp = 24

Only a,; is physically consisted with the model described
by expression (4) according to which a,; = ¢ for Y = 0 and
o, — 0 for Y — I, while 0,2 =-0/2 for Y =0 and ¢,, — -©
forY — 1.

The final forms of the time dependency of that
conductivity will depend on the selection of the function Y(?)
representing the time evolution of the volume of the
crystallized fraction.

The JMAK (Johnson-Mehl-Avrami-Kolmogorov) model
[17 - 21 and references ibid] was chosen to illustrate the
effect of crystallization on the interpretation of conductivity
measurements in the reset state concerning the
conductivity drift. Although since its introduction at the turn
of 1930/40 many of its improvements, often very
sophisticated, have appeared, its original form is still the
basis of laboratory practice [20].

For example, as stated in [21]: "JMAK kinetics is a fairly
good approximation even when the systems depart from its
strict requirements and different kinetic approaches lead to
similar equations to JMAK one".

The JMAK equation is a benchmark for verifying various
approaches aimed at improving the JMAK model.

In that model, the function Y(z) for overall rate of
transformation, without isolating nucleation and growth
stages and under isothermal annealing conditions is
described by the equation [18,19]:

(10) Y() =1-e *O"

or equivalently:

(10a) In (ln (ﬁ)) =nlin(t) + nin(k)

where ¢ is time, n is the Avrami coefficient, and 4(7) is a
temperature-dependent effective overall reaction rate,
expressed as:

E,

(11) k(T) =vsexp (_kTA%)
where E, is the activation energy of the crystallization, v; is
the frequency factor, kz; — Boltzmann constant, and T —
temperature in /K].

From (10, 10a) it follows that the plot of In (In (1 / (1-Y)))
as a function of /n (1) should be linear with a slope defined
by the Avrami coefficient - Fig. 2.
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Fig. 2. Plot of In (In (1 / (1-Y))) vs In (1) is linear with a slope defined
by the Avrami coefficient » (for the presented example graph n=2.5)

Neither the JMAK model, nor the Maxwell-Wagner
model take into account percolation phenomena [e.g.,
17,22]. Thus, these models can be used for small values of
the function Y (z). The Y(1)-range of the conductivity drift is
also limited by percolation phenomena.

There is a huge dispersion of parameters of the JMAK
model for the GST-based PCM structures published by
leading laboratories, e.g., according to [18]: activation
energy values E, reported in the literature covers a wide
spectrum from 0.81 to 3 eV, Avrami coefficient n varies
between 1 and 5.8 and the reported values of the frequency
factor v, varies between 10" and 10%° s™.
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Presented in the following results of example
calculations were made for: £,=2 eV and v=1.5x1 0%%s™.

Like in the case of drift exponent v of the o(?), the
following coefficient v,; representing the change in the
Info,(t)] vs In(1), i.e., the drift exponent of the conductivity
0.1(1), is introduced:

_ _dln@e)] _ _ om
(12) var (O = =~y = ot

where, considering expression (9) for ¢,;, and expression
(10) for Y(3):

(13) o/, = dog, _ {—B'+(2A04,+B)™*[BB'-2(CA'+AC")]}-2A" 044
a1 = o T

dt 2A

f dA f

(14) A'=22=-2v
(15) B'=i—l:=Y'(2(IC—0)—a'(Y+2)

F_dc . ,
(16) C =E=O'JC(Y—1)—O'CO'Y
1+v

= —vo tykVt1 (ln —) o

do 1
1-Y

(17) o'=%

n-1
n

(18) v =& = k(1 = ) InGL)]

Calculation results

In Figs 3-5 selected results of the calculations are
presented, which illustrate the changes in the conductivity
6,; and its drift v,; of the amorphous fraction of the
composite versus the function Y(z) representing the volume
of the transformed fraction. They are calculated under
assumption that composition conductivity o(z) changes
according to the expression (2) with a constant-time value
of the drift exponent v changing with temperature according
to the relation [23]:

T
(1-7)

where T is the temperature in /K].

It is assumed that the conductivity of the crystalline
fraction o, does not change with time — as is illustrated in
Fig.1. These figures show the calculation results for the
frame of time in which Y(#)<0.3 — i.e., below the percolation
threshold [22], which is assumed to be for ¥(1)>0.4 [e.g.,
24,25].

As already mentioned, the origin of the conductivity drift
of GST-based PCM structures is determined based on the
conductivity models of the amorphous GST fraction,
assuming that this conductivity changes with time according
to (1) with a constant value of the drift exponent v at
specified intervals [7].
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Fig. 3. Ratio ¢,,/0 versus volume of the transformed fraction Y(z), for
o= oo(t/ty)”", 00 =5x107 [Qcm] " [2], 6.0=58,5 [Qem]™ [2], 6.= o.0(t/ts)
0008 F=2eV, n=2.5, v=2.5x10"*xT/(1-T/760) [23], v=1.5x107, and
T=353K

However, the results of calculations based on the
Maxwell-Wagner and JMAK models, presented in Figures 3-
5, confirm that linear dependence of In(s) vs In(?), i.e., with

constant drift exponent v, determined from conductivity

measurements of the GST-based PCM structure in the reset

state is ensured under the following circumstances:

with an increase in the volume of the transformed fraction

Y(t) the conductivity o,; of the amorphous fraction of this

composition should decrease in relation to the conductivity

of the composition o— Fig.3, e.g., in presented calculations

o4;=0 for Y(t)=0, ¢,,=0.970 for Y(t)=0.01, ¢,,=0.750 for Y(t)=0.1

and o,,=0.43750 for Y(t)=0.3.

2. with an increase in Y(?), the drift exponent v,; of the

amorphous fraction conductivity a,,; of this composite should

increase in relation to the constant drift exponent v of the

conductivity of the composite — Fig. 5.

So, the ratio v,;/v increases with the increase of Y and n,

where:

— these increments are linear as a function of z;

— these increments are non-linear as a function of Y - the
slope of this relation decreases with the increase in Y.

Fig. 4. Ratio of the v,;/v versus volume of the transformed fraction
Y(t) and Avrami coefficient n. Calculations were carried out for the
parameters specified in the description of Fig. 3

The graphs presented in Fig. 4 show that in terms of
changes in n in the range (0-5) and Y in the range (0-0.3),
v,1/v changes in the range from 1 (for n=0; ¥Y=0) to 21.29 (for
n=5; Y=0.3), i.e., more than 20 times.

Changes in the ratio v,,/v in relation to change of
crystallization progress represented by Y(?), i.e., d(v,,/v)/dY
are illustrated in Fig. 5 in the form of a 2-dimensional graph
of d(v,;/v)/dY versus n and Y.

Fig. 5. The rate of change of v,,/v as a function of Y and the Avrami
coefficient n. Calculations were carried out for the parameters
specified in the description of Fig. 3

The rate of change d(v,;/v)/dY increases from 0 (for n=0
and Y=0.3) to over 90 (for n=5 and Y=0). The rate of these
changes increases linearly as a function of the increase in
Avrami coefficient n and decreases nonlinearly as a function
of the increase in Y.

The fastest changes in the ratio v,/ in relation to
changes in Y occur for Y=0, i.e., at the beginning of the
reset state, and then the rate of these changes decreases
as Yincreases.

Conclusions

To summarize, on the basis of the Maxwell-Wagner
and JMAK models, the conductivity parameters of the
amorphous part (conductivity and its drift) of a composite
consisting of GST crystalltes immersed in the GST
amorphous matrix, were identified at which the results of
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conductivity drift measurements of this composite in the
reset state are met. As a result of the crystallization
process, the conductivity of the remaining amorphous
phase fraction decreases further compared to that predicted
by expressions (1,2), i.e., from the energetic point of view, it
goes further into the perfect glassy state, e.g., according to
the mechanical strain relief model [4,12,13].

The assumption underlying the interpretation of the
conductivity measurements in the reset state with respect to
the conductivity drift exponent, which identifies the
measured conductivity drift exponent of the composite v
with that of the amorphous fraction of this composite v,;,
was analysed in relation to the crystallization progress in
the reset state.

It has been shown that this assumption proved valid
only at the beginning of the reset state, and there is
deviation from this assumption for Y(#)>0.

The deviations of v,; from v increase with the increase of
Y and n, and this increase is significant, e.g., within the
considered JMAK and Maxwell-Wagner models and
increments of Y from 0 to 0.3 and » from 0 to 5, the ratio
v,/v increases from 1 to 21.29. The rate of this increase
decreases as Y increases and increases linearly as n
increases.

Thus, conductivity drift models based on the theory of
conductivity in amorphous GST and conductivity drift values
determined for the composition consisting of GST crystallites
immersed in an amorphous GST matrix, may, therefore,
lead to erroneous conclusions about the drift's origins,
these deepening with the increase of Y.
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