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Abstract— This paper proposes a new macro
into account the threshold switching and the r
processes in addition to the drift behavior o
Memory (PCM). Simulation results are prov
and drift behaviors; they show that the propos
very accurate at a small error when compare
experimental devices. A sensitivity analysis of 
also performed to show its operation with res
variations. The model is suitable for circuit
PCM devices. 

Index term – Phase-change memory, threshol
recovery, modeling 

I. INTRODUCTION 
The Phase Change Memory (PCM) was f

S. R. Ovshinsky in 1960 as a new type
random-access memory (RAM). It expl
behavior of the chalcogenide alloy; when hea
electric current, this material changes bet
crystalline and amorphous which are used
binary bits value in memories. PCM is a pro
as a non-volatile memory among emerging 
to its good read/write times, high scalab
operation and good endurance.  

Most of the recent papers on PCM mo
with its DC characteristics. However, this an
because other features (such as, transient r
dynamics of the PCM resistance and threshol
not fully analyzed. A comprehensive macro
transient effects is essential for characteriz
under different memory operations. Thi
attractive when the drift behavior and its po
through recovery are considered. 

This paper enhances [2] by proposing a 
that takes into account the threshold sw
resistance recovery processes in addition to 
of a PCM. The proposed macromodel is HS
and takes into account DC and transient phe
a very accurate assessment of the diff
involved in the operation of a PCM cell.  S
are compared with experimental data to sho
errors are encountered and that the propose
effective in assessing many operational fea
inclusive of the resistance recovery process f
behavior. The paper is organized as follows. 
reviews the transient characteristics of the
threshold switching, recovery and drift of the
chalcogenide material. Section III introduc
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 Section II briefly 

e PCM, including 
e resistance of the 
ces the enhanced 

HSPICE macromodel of the PCM. 
error and sensitivity of the proposed 
variation is presented in section IV; 
manuscript. 

II. REVIE

A. Threshold Switching  

Fig. 1 Experimental I-V  plo
A PCM cell consists of two stea

and OFF. The transition from the O
occurs when the voltage across the ௧ܸ. ௧ܸ varies along the so-called ௧ܸ
the PCM (Fig. 1). Moreover, the tra
to the OFF state occurs when the vo
is less than Vx, where Vx is the inte
curve and the Rset curve (Fig. 1). Vx is
  ௫ܸ ൌ ܸ · ோೞோೞି
where Vh is the intersection of 
horizontal voltage axis. 

 

(a) 
Fig. 2  (a) Time evolution of voltage across 
VA is applied.[3] (b) Recovery dynamics 
transient curves [1] 
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Section VI concludes this 
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ot of a PCM [1] 
ady-state regions i.e., ON 

OFF state to the ON state 
PCM cell is greater than ௧ locus of the I-V plot of 

ansition from the ON state 
oltage across the PCM cell 
ersection point of the RON 
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(b) 
the PCM when a voltage pulse 
of τR and Vth, and calculated 
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the threshold switching; a numerical/physic
delay has been developed in [3]. Fig. 2 (
definitions of the delay time ߬   and the sw
delay ߬ௌ . The switching time ߬ௌ  is the time
material to pass from the low-conductive 
highly-conductive ON state. Following the
voltage pulse VA , the PCM requires a finit߬for accumulating a sufficient concentratio
electrons for initiating threshold switching 
parameters are related to the physical p
chalcogenide alloy and are function of the a
[3].  

B. Resistance Recovery 
Usually, after a programming operation 

PCM will change from the ON state to the
transition occurs when the voltage acros
becomes lower than Vx in the ON state. Vx i
point of the Rset curve and the RON curve in t
PCM (Fig. 1). After the programming pulse
PCM does not suddenly quench to the low c
(intended) programmed ROFF value, but it w
transition referred to as recovery. The time f
intended ROFF value is referred to as the re
denoted by ߬ோ. During recovery, the amorph
is abnormally high (as result of an in
relaxation to the equilibrium and excess temp
2 (b) illustrates the transition process of the
and the threshold voltage at ߬ோ  ≈ 30ns: a rea
to this time will clearly result in an erroneous

The time evolution of ROFF following th
programming pulse has been analyzed 
literature. A closed expression is given in [1] 

 ܴைிிሺݐைிிሻ ൌ ܴைே݁௧ೀಷಷ/ఛ 

where τ is the effective (constant) recom
excess carriers (typically 5ns [1]) and tOFF is
from the removal of the previous programm
tOFF is equal to ߬ோ , the resistance ROFF 
saturation value, i.e.  the intended value of
PCM enters a process referred to as resistan
structural relaxation. 

C. Drift Behavior 
The drift behavior is given by the 

changing phenomenon in the OFF state 
switching and recovery. The resistanc
characteristics of the OFF state (i.e., ROFF 
dependent. Several theoretical models have b
the drift behavior of a PCM, such as for e
classical band-model with valence alternati
formation [5], the trap-limited conduction m
stress release [7]. Regardless of the features 
the drift behavior, experimental data on RO
that the drift operates under a constant anne
and is described by the following equation, 

 ܴௗ௧ሺݐைிிሻ ൌ ܴሺ௧ೀಷಷ௧బ ሻ௩  
where R0 is the intended resistance due to pr
prior to the occurrence of the drift behavior

cal model of this 
(a) illustrates the 
witching transient 
e required for the 
OFF state to the 

e application of a 
te amount of time 
on of high-energy 

[4]. Both of the 
properties of the 
applied voltage VA 

is completed, the 
e OFF state. This 
ss the PCM cell 
is the intersection 
the I-V plot of the 
e is removed, the 
onductivity of the 
will experience a 
for recovering the 
ecovery time and 
hous conductivity 
ncomplete carrier 
peratures [1]). Fig. 
e PCM resistance 
ad operation prior 
s value. 

he removal of the 
in the technical 
 as 

(2) 

mbination time for 
s the time elapsed 
ming pulse. When 

(tOFF) reaches a 
f ROFF. Then, the 

nce drift due to its 

continuous value 
after completing 

ce and voltage 
and Vth) are time 
been proposed for 
xample the semi-
ion pairs (VAPs) 

model [6] and the 
of the models for 

OFF and Vth  show 
ealing temperature 

(3) 
rogramming and 
r. tOFF is the time 

when the PCM is not programmed.
indicated in [2], the drift coefficient

ߥ  ൌ ln ሺܴሻߙ െ
where ߙ  and ߚ  are curve fitting p
indicate that the drift of ܴைிி  is m
increases. v is considered as the mos
analyzing the drift behavior of a PCM

The threshold voltage Vth also ex
when the PCM is in the OFF state. F
Vth as function of ROFF for different 
reset pulse [1]. Fig. 3 also shows
variable reset voltage pulse and at  tO
correlated to ROFF under both scenari

Fig. 3  Vth as function of ROFF for variable 

III. ENHANCED MA

The enhanced model of a PCM 
block form; it consists of different 
among modules are indicated by arr
in [2], the added features or modific
shown as dotted boxes. 

Fig. 4 Proposed macromode

In the proposed model, the PCM
[1] has been proved that follow
resistance dynamics of both the reco
combined together in a single resis
Rdrift  and Rrecovery in parallel. So, the t
ROFF during the OFF state can be mo

 ܴሺݐைிிሻ ൌ ܴௗ௧ሺݐைிிሻ||ܴ
Where  

 ܴ௩௬ሺݐைிிሻ ൌ ܴை

. t0 is a time constant. As 
t ߥ is related to the ܴ by, െ  (4)  ߚ
arameters. This equation 

more significant as the ܴ 
st critical parameter when 
M cell. 
xperiences a drift in value 
Fig. 3 shows the measured 
tOFF values and at a fixed 

s the Vth-ROFF plot for a 
OFF = 5s, i.e. Vth is linearly 
ios. 

 
tOFF and fixed reset pulse [1] 

ACROMODEL 
cell is shown in Fig. 4 in 
modules (the connections 

rows); based on the model 
cation of the modules are 

 
l of a PCM cell 

M cell module is changed. 
wing programming, the 
overy and the drift can be 
stance, i.e. by connecting 
total transient evolution of 
deled as 

௩௬ሺݐைிிሻ (5) 

ைே݁௧ೀಷಷ/ఛ  (6) 
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The switching delay ߬߬ௌ  is modeled 
capacitor Cintern in parallel with ROFF. T
capacitor is selected according to experiment10݊[3]). Cintern is set to 1pf by assuming t
delay will be completed within 5 time consta
in Fig. 5, ROFF is represented in the propose
two resistors connected in parallel, i.e. the e
corresponds to the overall ROFF of the PCM (
dotted rectangle in Fig. 5). 

Fig. 5  PCM cell module 

IV. MACROMODEL SIMULATION 

The HSPICE simulation results for the p
transient macromodel under the different ope
cell are presented next; the test circuit is show

 
Fig. 6 Test circuit for simulating the PCM cell (Rl

A. DC Analysis  
Fig. 7 shows the comparison in I-V p

simulated results and the experimental dat
analysis under the proposed macromodel 
overall good agreement is found even tho
encountered. 

Fig. 7 Simulation and experimental [1] I-V plot

by connecting a 
The value of the 
tal data (߬߬ௌ ൎ
that the switching 
ants [3]. As shown 
ed macromodel by 
equivalent resistor 
(as denoted by the 

 

RESULTS 
proposed DC and 
erations of a PCM 
wn in Fig. 6. 

load=3.5KΩ [8]) 

plots between the 
ta of [9] for DC 
of the PCM. An 
ough an error is 

 
ts of PCM cell 

B. Transient simulation 
Transient simulation is carried ou

switching and recovery process. An
imposed on the two terminal of t
simulation results for the transient 
PCM macromodel are shown in Fig
are reported for the voltage across
resistance under different operat
recovery). 

Fig. 8 (A) shows the input voltag
across the PCM in the test circuit 
pulses can be distinguished for the in

• Crystalline Programming p
programming: 1.2v, 200ns 
programming: 1.2v, 25ns)  

• Amorphous Programming pul
• Recovery pulse (1v, 30ns) 
• Read pulse (0.3v) 

As required to switch the PCM
threshold voltage Vth is also show
across the PCM is above Vth, the P
when the voltage across the PCM is 
the OFF state. Vpcm undergoes switch
programming pulse is applied. 
temperature under the pulses o
programming, the temperature rise
crystalline programming, the tempe
and 473K[11]. When the recover
temperature falls below 473K[11]. 

Fig. 8 (C) and (D) show the cr
resistance of the PCM as varyin
operations. The dotted line in (D) sho
resistance for each programmin
programming pulse, the ideal progr
recovered at once, but it takes tens o
Then following the recovery proces
according to the discussion presented
this figure, the fully crystalline prog
the resistance to 7kΩ in about 200
programming pulse programs the re
in about 10ns. 

The partial crystalline progra
intermediate resistance level progra
(D). The resistance can be program
value by using a voltage pulse width
less than the fully crystalline progra
recovery pulse makes the PCM to be
its voltage is not sufficiently high 
process (i.e. to reprogram the PCM)
of a recovery pulse, the resistance 
programmed value, i.e. the resistanc
the last programming operation 
application of the recovery pulse. T
low voltage value (around 0.3v); so
PCM and the PCM remains in the O
operation. 

ut to capture the threshold 
n input voltage source is 
the model p and n. The 
analysis of the proposed 

g. 8; five timing diagrams 
 the PCM and the PCM 
tions (write, read and 

ge Vpcm=V(inpcm, outpcm) 
of Fig. 6. Four types of 

nput voltage:  

pulses (fully crystalline 
[10]. partial crystalline 

lse (1.9v, 10ns [10]) 

M to the ON state, the 
wn, i.e. when the voltage 

PCM is in the ON state; 
below Vx , the PCM is in 

hing and recovery when a 
Fig. 8 (B) shows the 
f Vin. For amorphous 
es above 873K[11]. For 
erature is between 873K 
ry pulse is applied, the 

rystalline fraction and the 
ng due to the different 
ows the ideal programmed 
ng pulse. After each 
rammed resistance is not 

of nanoseconds to recover. 
s, the resistance will drift 
d in a previous section. In 
gramming pulse programs 
0ns, while the amorphous 
esistance to Rreset (200kΩ) 

amming pulse for the 
amming is also shown in 
mmed to any intermediate 
h (in this case 25ns) that is 
amming pulse width. The 
e in the ON state; however 

to start a phase change 
). So after the application 
recovers to the intended 

ce drift that occurred since 
is corrected after the 

The read pulse has a very 
o it does not turn on the 
OFF state during the read 
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C. Error and Sensitivity 
In this section, the error and sensitivity

model for transient operation is presented. F
the results of the macromodel of the reco
very close to the experimental data of [1], th
in a very small error of 4.26% on average 
(positive and negative values) are below 10%

The recovery time ߬ோ is closely related to 
τ (i.e. the effective recombination time for
The variation of τ (±10%) directly chang
behavior, hence the recovery time ߬ோ (for 2
7K, ±1.2%). 

Fig. 9  Recovery process simulation re

V. CONCLUSION 
This paper has proposed an enhanced HS

macromodel for a PCM cell. This macrom
both the DC and transient behaviors, thus 
assessing threshold switching and resistance
transient and time dependent features of a P
shown that using the macromodel the sim
different memory operations closely match 
data. Unlike the normal operations of a PC
operation can be thought as a special ca
operation in which a moderate programming
on the device but it does not rewrite the resist

Fig

y of the proposed 
Fig. 9 shows that 

overy process are 
hus incurring only 
(maximum errors 

%). 
the time constant 

r excess carriers). 
ges the recovery 
200K, ±5.1%; for 

 
esults 

SPICE compatible 
model can capture 

being capable of 
e drift recovery as 
PCM. It has been 

mulation results of 
the experimental 

CM, the recovery 
ase of the write 
g pulse only turns 
tance to the PCM.  
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