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Abstract: By way of periphery circuit design of the phase-change memory, it is necessary to present an accurate
compact model of a phase-change memory cell for the circuit simulation. Compared with the present model, the
model presented in this work includes an analytical conductivity model, which is deduced by means of the carrier
transport theory instead of the fitting model based on the measurement. In addition, this model includes an analytical
temperature model based on the 1D heat-transfer equation and the phase-transition dynamic model based on the
JMA equation to simulate the phase-change process. The above models for phase-change memory are integrated
by using Verilog-A language, and results show that this model is able to simulate the /—V characteristics and the

programming characteristics accurately.
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1. Introduction

As the most promising candidate for next generation non-
volatile memory, phase-change memory (PCM) has been paid
more and more attention, due to its merits of high speed,
high density, low power, low cost, long endurance, etc.[! 741,
The programming operation of PCM is based on the quick
switch between the crystalline state and the amorphous state in
some chalcogonides (like Ge,Sb; Tes, namely GST), which is
a thermal-driven process. For the design of the periphery cir-
cuit, it is necessary to present an accurate SPICE model of a
phase-change memory cell (PCM cell) for the purpose of cir-
cuit simulation.

In past works, some SPICE models of PCM have been im-
plemented!®=7). In these models, the resistance of the reset state
and the set state are based on a fitting model achieved from the
measurement data. The conductivity of the reset or set state
are always considered to be constants or the empirical model,
which can not reflect the carrier transport characteristics of ma-
terials and the device scaling characteristics. Accordingly, an
analytical conductivity model including the material transport
characteristics is presented. In this work, a PCM cell com-
pact model is proposed, including the analytical conductivity
model, the analytical temperature model, and the switch model.
The analytical conductivity model calculates the resistance of
the PCM cell; the temperature model evaluates the tempera-
ture of the programming region; and the phase-change model
records the phase fraction. This model provides structural para-
meters for adjustments and is verified by experimental data and
numerical simulations.

PACC: 7280; 9160H; 8220W

2. Model description

According to the mechanism of PCM, the reset opera-
tion is a phase transition from a crystalline to an amorphous
state driven by the fast quenching after melting; the set oper-
ation includes two reversible switches. The first is the field-
driven ovonic threshold switch (OTS)[8]. Following the OTS,
the phase transition from amorphous to crystalline state occurs,
called the ovonic memory switch (OMS)8l, driven by Joule
heating. Therefore, the model is composed of three parts: the
resistance model, the temperature model, and the switch model,
as shown in Fig. 1.

2.1. Resistance module

The resistance of a PCM cell is the key parameter in pe-
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Fig. 1. Scheme of the model.
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Fig. 2. Band structure model.

riphery circuit design, which determines the details of the cir-
cuit design and the performance of the circuit. In our model,
an analytical conductivity model is presented, which is based
on the carrier transport characteristics of the phase-change ma-
terial (GST in this work) instead of the fitting model based on
the measurement data. According to Anderson’s theory!1%- 111,
in an amorphous semiconductor the long-range disorder of an
atomic structure yields the localized state in the conduction
band tail and the valence band tail. Amorphous GST is a p-
type semiconductor, and the localized state due to lone pairs
locates only in the valence band taill®], so the hole transport
characteristics needs to be researched, neglecting the electron
transport. The conductivity is determined by:

o =gNyu. (1)

According to the band structure from Ref. [11], the DOS

(density of states) function of the band tail satisfies the expo-

nential function of energy, as shown in Fig. 2, so the DOS func-
tion can be written by:

E—Ey

A(E, — E,)e Ea—Ev, 2)

g(Ey)
e

g(E) =

where E, is the location of g (E,) decreasing to
in Fig. 2.
The hole density can be calculated by

,as shown

E,
o= f [l — f(E)g(E)E
E,
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The transport of carrier mobility in a localized state is
based on hopping transport mechanism!3l, it can be deter-
mined by the product of hopping probability P and hopping
distance R,

2R AW

ER
Ha = PR = 2vy,Re™ @ k7 sinh —— a

4
2kT’ @
where vpn, R, AW, E are vibration frequency of phonon,
mean hopping distance of hole, barrier height of localized state,
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Fig. 3. Structure of a PCM cell.
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Fig. 4. I-V curves for the crystal state and the amorphous state.

and electrical field strength, respectively. The conductivity of
amorphous GST can be written by:

qER
PaqRP _Ea—Ey sinh
Oa = Paq it = aE = o kT qTZIIQ‘T
2kT
. thR
Ag, Sinh ——
= O’le_kiquTzllgT', (5)
2kT

where o7 is the fitting parameter, defined by vy, AW, a. The
values of parameters are listed in Table 1.

The conductivity of crystal GST can be calculated by us-
ing traditional semiconductor theory and the /—V character-
istics of amorphous and crystal GST. As for the detailed de-
vice, as shown in Fig. 3, with the width of heater D, = 70 nm,
the whole resistance can be calculated by the conductivities of
amorphous and crystal GST, the /-V curve is shown in Fig. 4.
From Fig. 4, it is indicated that the /—V characteristic exhibits
a linear relation under lower bias and the exponential relation
under higher bias, which satisfies the hopping transport mech-
anism.
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Table 1. Parameter list.

Value

2% 1016 ¢cm™3

1.667 x 10° (Q-m)~!
0.45 evI14]

1.5%x 1072 cm

0.005 W/(cm-K)!15]
1.285 J/(cm3-K)115]
2 x 10736 g[1¢6]

3.7 evlle]

Parameter

A (Fitting parameter of DOS function)
o1 (Fitting electrical conductivity)
AFE1 (Energy gap between E, and Ev)
R (Mean hopping distance of carrier)
K (Thermal conductivity)

¢ (Heat capacity)

to (Time constant of JIMAK equation)
E, (Activation energy of nucleation)

Fig. 5. Temperature distribution of the numerical simulation.

2.2. Temperature model

According to the numerical simulation, the temperature
distribution is not uniform in the device, as shown in Fig. 5, and
it is very difficult to model the temperature distribution. How-
ever, in the programming area, we can see that the relative error
for maximum and minimum temperature is about 7%, and the
programming area can be deemed as an isothermal area. Based
on the above assumption, an analytical temperature model is
proposed.

The temperature can be determined by the difference of
power generation and power dissipation. The generation power
is the product of current and voltage, with an effective coeffi-
cient 8, determined by:

W, = BIV. (6)

Following the power generation, the power dissipation
happens simultaneously, and it can be determined by a 1-D heat
transfer equation:

00 kAT
AT R
where x, Ry, S, are the thermal conductivity, the average
distance from heating point to a room-temperature environ-
ment, which is linear to the temperature, and the thermal
cross-section area, respectively. The temperature increment
AT from the environment is determined by the above differ-
ential equation:

n Wg - Wd WgRt KS{
AT—/tO v dr = S, |:1 exp( RtVoCt)]
®)
where C is the heat capacity of GST material and Vj is the
volume of the effective heating region.

Wd Stv (7)
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Fig. 6. I-V curves.

2.3. Switch model

OTS and OMS are included in our model. As for OTS, a
model based on critical electrical field strength!®! is accepted.
When the electrical field strength in the device reaches a critical
value E., the OTS happens, and the value of E is equal to
107 V/em for fitting the measured data.

The OMS process includes two transitions: one is the reset
process; the other is the set process. The former is modeled
by a temperature-conditioned model. If the temperature of the
PCM cell is higher than the melting point, the resistance of the
active area is set to the amorphous resistance value. The latter is
a more complex process, which is the nucleation process with
proper temperature. In this model, the JMA equation is used to
calculate the fraction of crystalline composition in the active
region by temperature and timel®. The crystalline fraction C,
is given by Eq. (9).

C.=1—exp [—% exp (—f—;)} , )

where E, is the activation energy, and ?, is the time constant.

The crystallization model decides the fraction of the crys-
talline and amorphous region, and feeds it back to the resistance
model, and the whole resistance can be modeled by a linear re-
lation,

Rgst = Rnpc + Ry Ce + Raa(l - Cc)s (10)

where Rgst, Rupe, Rac, Raa are resistance of the GST region,
the non-phase-change region, the crystal, and the amorphous
parts in the active area, respectively, and C; is the nucleation
rate, which is to be modeled in the switch model.

The parameters in this model are listed in Table 1.

3. Results and discussion

The DC analysis gives out the /—V characteristic of this
model shown in Fig. 6. From this curve, it is shown that the
threshold voltage is about 1.2 V, and the simulation fits the
measurement data well in the sub-threshold area. In the area
near the threshold area, the larger error derives from the in-
fluence of temperature. Figure 7 shows the transient current
and temperature curves. The initial state is the reset state, and
the first pulse is the set current pulse with an amplitude of
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Fig. 7. Temperature curve with different programming pulses.
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Fig. 8. Phase distribution curve with different temperatures.

1.25 mA, followed by the reset current pulse with an ampli-
tude of 2.25 mA. During the set pulse, the temperature reaches
about 700 K between T, (glass temperature) and Tp, (molten
temperature), the nucleation fraction C, reaches about 1, as
shown in Fig. 8. The set operation is accomplished. During the
reset pulse, the temperature increases to about 1000 K, higher
than T;,, and the active area melt to liquid state. After the re-
set pulse is removed, the temperature falls to ambient temper-
ature sharply, and the active area quenches to an amorphous
state. The nucleation fraction decreases to about 0, as shown
in Fig. 8. The reset operation is accomplished. Figure 9 shows
the /—R curve, which indicates the programming window. It
is shown that the simulation results and the measurement data
fit well.

4. Conclusion

In summary, this work presents a compact model for a
PCM cell, which is achieved by an analytical resistance model
based on the transport theory. Compared with the existing
model, the set and reset resistances can be calculated accord-
ing to the analytical physical-based model, whereas the present
models are mostly based on the measurement data to obtain the
resistance value. Meanwhile accurate DC and transient simu-
lations can be achieved using this model. These model charac-
teristics will help circuit designers predict the performance of
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Fig. 9. I-R curves.

a circuit and optimize the circuit design.
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