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Abstract— This paper proposes a new macromodel that takes
into account the threshold switching and the resistance recovery
processes in addition to the drift behavior of a Phase Change
Memory (PCM). Simulation results are provided for both DC
and drift behaviors; they show that the proposed macromodel is
very accurate at a small error when compared with data from
experimental devices. A sensitivity analysis of the macromodel is
also performed to show its operation with respect to parameter
variations. The model is suitable for circuit design based on
PCM devices.

Index term — Phase-change memory, threshold switching, drift,
recovery, modeling

L INTRODUCTION

The Phase Change Memory (PCM) was first introduced by
S. R. Ovshinsky in 1960 as a new type of non-volatile
random-access memory (RAM). It exploits the unique
behavior of the chalcogenide alloy; when heated by passing an
electric current, this material changes between two states,
crystalline and amorphous which are used to represent the
binary bits value in memories. PCM is a promising candidate
as a non-volatile memory among emerging technologies due
to its good read/write times, high scalability, low power
operation and good endurance.

Most of the recent papers on PCM modeling deal only
with its DC characteristics. However, this analysis is limiting,
because other features (such as, transient recovery and drift
dynamics of the PCM resistance and threshold voltage [1]) are
not fully analyzed. A comprehensive macromodel to include
transient effects is essential for characterizing a PCM cell
under different memory operations. This is particularly
attractive when the drift behavior and its possible mitigation
through recovery are considered.

This paper enhances [2] by proposing a new macromodel
that takes into account the threshold switching and the
resistance recovery processes in addition to the drift behavior
of a PCM. The proposed macromodel is HSPICE compatible
and takes into account DC and transient phenomena to ensure
a very accurate assessment of the different parameters
involved in the operation of a PCM cell. Simulation results
are compared with experimental data to show that moderate
errors are encountered and that the proposed macromodel is
effective in assessing many operational features of a PCM
inclusive of the resistance recovery process following the drift
behavior. The paper is organized as follows. Section II briefly
reviews the transient characteristics of the PCM, including
threshold switching, recovery and drift of the resistance of the
chalcogenide material. Section III introduces the enhanced
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HSPICE macromodel of the PCM. The transient simulation,
error and sensitivity of the proposed macromodel to parameter
variation is presented in section I'V; Section VI concludes this
manuscript.

II.  REVIEW
A. Threshold Switching
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Fig. 1 Experimental I-V plot of a PCM [1]

A PCM cell consists of two steady-state regions i.e., ON
and OFF. The transition from the OFF state to the ON state
occurs when the voltage across the PCM cell is greater than
Vin- Vi varies along the so-called Vyy, locus of the I-V plot of
the PCM (Fig. 1). Moreover, the transition from the ON state
to the OFF state occurs when the voltage across the PCM cell
is less than V,, where V. is the intersection point of the Roy
curve and the R, curve (Fig. 1). V, is given by

Ve = V- s (1)

where V), is the intersection of the Ry curve and the
horizontal voltage axis.
14

Delay time 1,

RIQ]

Switching
time g

Voltage [V]

vi[V]

1 1 1 1
0 20 40 60 80 100
Time [ns] ") )

'I'lmté‘[‘s)]7

(a) (b)
Fig. 2 (a) Time evolution of voltage across the PCM when a voltage pulse
V4 is applied.[3] (b) Recovery dynamics of 7z and Vy, and calculated
transient curves [1]

The transition from the OFF state to the ON state exhibits
an internal delay due to the underling physical mechanism of
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the threshold switching; a numerical/physical model of this
delay has been developed in [3]. Fig. 2 (a) illustrates the
definitions of the delay time 7, and the switching transient
delay 5. The switching time 75 is the time required for the
material to pass from the low-conductive OFF state to the
highly-conductive ON state. Following the application of a
voltage pulse V, , the PCM requires a finite amount of time
Tpfor accumulating a sufficient concentration of high-energy
electrons for initiating threshold switching [4]. Both of the
parameters are related to the physical properties of the
chalcogenide alloy and are function of the applied voltage V,

(3]
B. Resistance Recovery

Usually, after a programming operation is completed, the
PCM will change from the ON state to the OFF state. This
transition occurs when the voltage across the PCM cell
becomes lower than V, in the ON state. V, is the intersection
point of the Ry, curve and the Ryy curve in the I-V plot of the
PCM (Fig. 1). After the programming pulse is removed, the
PCM does not suddenly quench to the low conductivity of the
(intended) programmed Rop- value, but it will experience a
transition referred to as recovery. The time for recovering the
intended Ropr value is referred to as the recovery time and
denoted by tz. During recovery, the amorphous conductivity
is abnormally high (as result of an incomplete carrier

relaxation to the equilibrium and excess temperatures [1]). Fig.

2 (b) illustrates the transition process of the PCM resistance
and the threshold voltage at T ~ 30ns: a read operation prior
to this time will clearly result in an erroneous value.

The time evolution of Rz following the removal of the
programming pulse has been analyzed in the technical
literature. A closed expression is given in [1] as

Rorr(torr) = RoyetoFF/T 2

where 7 is the effective (constant) recombination time for
excess carriers (typically 5ns [1]) and #opr is the time elapsed
from the removal of the previous programming pulse. When
torr 1S equal to 7z, the resistance Rorr (forr) reaches a
saturation value, i.e. the intended value of Rppr. Then, the
PCM enters a process referred to as resistance drift due to its
structural relaxation.

C. Drift Behavior

The drift behavior is given by the continuous value
changing phenomenon in the OFF state after completing
switching and recovery. The resistance and voltage
characteristics of the OFF state (i.e., Rorr and V) are time
dependent. Several theoretical models have been proposed for
the drift behavior of a PCM, such as for example the semi-
classical band-model with valence alternation pairs (VAPs)
formation [5], the trap-limited conduction model [6] and the
stress release [7]. Regardless of the features of the models for
the drift behavior, experimental data on Rosr and V,, show
that the drift operates under a constant annealing temperature
and is described by the following equation,

¢
Rarife(torr) = Ro(%)v (3)

where R, is the intended resistance due to programming and

prior to the occurrence of the drift behavior. 7oz is the time

when the PCM is not programmed. #, is a time constant. As
indicated in [2], the drift coefficient v is related to the R, by,

v =aln(Ry) - B 4
where a and f are curve fitting parameters. This equation
indicate that the drift of Ryppr is more significant as the R,
increases. v is considered as the most critical parameter when
analyzing the drift behavior of a PCM cell.

The threshold voltage V7, also experiences a drift in value
when the PCM is in the OFF state. Fig. 3 shows the measured
Vi as function of Ry for different ¢,z values and at a fixed
reset pulse [1]. Fig. 3 also shows the Vj;-Ropr plot for a
variable reset voltage pulse and at #orr = Ss, i.e. Vy, is linearly
correlated to Roxr under both scenarios.
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Fig. 3 Vi as function of Ropr for variable 7o and fixed reset pulse [1]
III.  ENHANCED MACROMODEL

The enhanced model of a PCM cell is shown in Fig. 4 in
block form; it consists of different modules (the connections
among modules are indicated by arrows); based on the model
in [2], the added features or modification of the modules are
shown as dotted boxes.

state| | V{p.n) Rdrift| Rrekovery

PCM
State Decision

Fig. 4 Proposed macromodel of a PCM cell
In the proposed model, the PCM cell module is changed.
[1] has been proved that following programming, the
resistance dynamics of both the recovery and the drift can be
combined together in a single resistance, i.e. by connecting
R and R,ecover, in parallel. So, the total transient evolution of
Ropr during the OFF state can be modeled as

R(torr) = Rarift(torr)||Rrecovery (torr) )
Where

Rrecovery(topp) = RONetOFF/T (6)
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The switching delay 7,415 is modeled by connecting a
capacitor Cje, in parallel with Rpopr. The value of the
capacitor is selected according to experimental data (tp+15 =
10n[3]). Ciyem 1s set to 1pf by assuming that the switching
delay will be completed within 5 time constants [3]. As shown
in Fig. 5, Rogr is represented in the proposed macromodel by
two resistors connected in parallel, i.e. the equivalent resistor
corresponds to the overall Rz of the PCM (as denoted by the
dotted rectangle in Fig. 5).
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Fig. 5 PCM cell module
IV. MACROMODEL SIMULATION RESULTS

The HSPICE simulation results for the proposed DC and
transient macromodel under the different operations of a PCM
cell are presented next; the test circuit is shown in Fig. 6.
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Fig. 6 Test circuit for simulating the PCM cell (Rload=3.5K< [8])

A. DC Analysis

Fig. 7 shows the comparison in I-V plots between the
simulated results and the experimental data of [9] for DC
analysis under the proposed macromodel of the PCM. An
overall good agreement is found even though an error is
encountered.
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Fig. 7 Simulation and experimental [1] I-V plots of PCM cell

B. Transient simulation

Transient simulation is carried out to capture the threshold
switching and recovery process. An input voltage source is
imposed on the two terminal of the model p and n. The
simulation results for the transient analysis of the proposed
PCM macromodel are shown in Fig. 8; five timing diagrams
are reported for the voltage across the PCM and the PCM
resistance under different operations (write, read and
recovery).

Fig. 8 (A) shows the input voltage V,,.,=V(inpcm, outpcm)
across the PCM in the test circuit of Fig. 6. Four types of
pulses can be distinguished for the input voltage:

e Crystalline Programming pulses (fully crystalline
programming: 1.2v, 200ns [10]. partial crystalline
programming: 1.2v, 25ns)

o Amorphous Programming pulse (1.9v, 10ns [10])

e Recovery pulse (1v, 30ns)

® Read pulse (0.3v)

As required to switch the PCM to the ON state, the
threshold voltage V,, is also shown, i.e. when the voltage
across the PCM is above V;, the PCM is in the ON state;
when the voltage across the PCM is below V, , the PCM is in
the OFF state. V), undergoes switching and recovery when a
programming pulse is applied. Fig. 8 (B) shows the
temperature under the pulses of Vin. For amorphous
programming, the temperature rises above 873K[11]. For
crystalline programming, the temperature is between 873K
and 473K[11]. When the recovery pulse is applied, the
temperature falls below 473K[11].

Fig. 8 (C) and (D) show the crystalline fraction and the
resistance of the PCM as varying due to the different
operations. The dotted line in (D) shows the ideal programmed
resistance for each programming pulse. After each
programming pulse, the ideal programmed resistance is not
recovered at once, but it takes tens of nanoseconds to recover.
Then following the recovery process, the resistance will drift
according to the discussion presented in a previous section. In
this figure, the fully crystalline programming pulse programs
the resistance to 7kQ in about 200ns, while the amorphous
programming pulse programs the resistance to R, (200kQ)
in about 10ns.

The partial crystalline programming pulse for the
intermediate resistance level programming is also shown in
(D). The resistance can be programmed to any intermediate
value by using a voltage pulse width (in this case 25ns) that is
less than the fully crystalline programming pulse width. The
recovery pulse makes the PCM to be in the ON state; however
its voltage is not sufficiently high to start a phase change
process (i.e. to reprogram the PCM). So after the application
of a recovery pulse, the resistance recovers to the intended
programmed value, i.e. the resistance drift that occurred since
the last programming operation is corrected after the
application of the recovery pulse. The read pulse has a very
low voltage value (around 0.3v); so it does not turn on the
PCM and the PCM remains in the OFF state during the read
operation.

995



Fully Cllystalline ProgrammiAg Pulse {200ns)

[ 1—Amorphous |

I I ---Vin

3
Voltage (V)

Recovery Pulse

(30ns)
A

a
)
-3
So

(B)

— e

Temperature
(K)
2
T 3
|

@
-3
s

@ - - I
Q —=—-Ideal Programming Resistence
$ 5200~-———- - J— 9 9 ; ——— r_
[T " Rpcm : 7
38 ~ . /
B =100 . L . . TIT w 5 . . '| - . . -
o .. Iyl p T,
3 0 [ e R ] /TT
s ! I I 1 I I I I
w | I
> | I I I I | |
0 100 200 300 400 500 600 700 800

Time (ns)

Fig. 8 Transient simulation of PCM Model

C. Error and Sensitivity

In this section, the error and sensitivity of the proposed
model for transient operation is presented. Fig. 9 shows that
the results of the macromodel of the recovery process are
very close to the experimental data of [1], thus incurring only
in a very small error of 4.26% on average (maximum errors
(positive and negative values) are below 10%).

The recovery time Ty is closely related to the time constant
T (i.e. the effective recombination time for excess carriers).
The variation of t (+£10%) directly changes the recovery
behavior, hence the recovery time ty (for 200K, £5.1%; for
7K, £1.2%).
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Fig. 9 Recovery process simulation results
V. CONCLUSION

This paper has proposed an enhanced HSPICE compatible
macromodel for a PCM cell. This macromodel can capture
both the DC and transient behaviors, thus being capable of
assessing threshold switching and resistance drift recovery as
transient and time dependent features of a PCM. It has been
shown that using the macromodel the simulation results of
different memory operations closely match the experimental
data. Unlike the normal operations of a PCM, the recovery
operation can be thought as a special case of the write
operation in which a moderate programming pulse only turns
on the device but it does not rewrite the resistance to the PCM.
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