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Abstract—Phase-Change Random Access Memory (PRAM) has be-
come one of the most promising emerging memory technologies, due
to its attractive features such as high density, fast access, non-volatility,
and good scalability. The physical characteristics of a PRAM cell
mainly depend on the material characteristic and the fabrication
process. However, the access device and the operating voltage have
significant impact on the PRAM performance, energy dissipation, and
lifetime. In this paper, we study the design constraints for PRAM
memory array, and propose design optimizations of the access device
and the circuit operational voltage. The important features of PRAM
memory, such as power consumption, read/write stability, speed, as
well as lifetime are all considered as the constrained conditions in the
proposed optimizations. Experimental results showed that the proposed
methodology can provide a reliable design space for the access device
and the operating voltage.

I. INTRODUCTION

Conventional nonvolatile memory technologies such as NAND

flash memory suffer many technology barriers to keep up with

the past trend of higher memory density, better performance

and lower cost-per-bit [1]. Recently, various emerging non-

volatile memory (NVM) technologies are proposed, such as Phase-

change RAM (PRAM), Magnetic RAM (MRAM), Ferroelectric

RAM (FeRAM), and Resistive RAM (RRAM). These technologies

are considered as competitive candidates for the future universal

memory.

Phase-change random access memory (PRAM) is an emerging

memory technology [2] with many attractive features, which in-

clude fast read access, high density, multi-bit storage capability,

zero standby leakage, and non-volatility. These properties make

PRAM a promising candidate for future universal memories. Com-

pared to other emerging non-volatile memories, PRAM memory

has an excellent scalability [3], which is critical to the success of

any emerging memory technologies. Consequently, we have seen

a lot of R&D activities on PRAM memory technology in industry,

including companies like IBM, Intel, Hitachi, ST Microelectronics

[2]–[8].

PRAM switchs between high and low resistance states by in-

ducing amorphous to crystalline phase transitions in the active

layer of device, which is usually an alloy of GeSbTe (GST)

or some other similar materials. The switching is a complicated

electrothermal process, ultimately resulting in Joule heating from

current flowing through the device. The high resistance state, or

“RESET”, corresponds to the active layer being amorphous, while

the low-resistance state, or “SET”, corresponds to a crystalline state.

In the PRAM, the phase-change material (GST) is crystallized by
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Fig. 1. Typical current-voltage (I-V) curve for a phase-change device [9].

heating it above its crystallization temperature (SET operation),

and it is melt-quenched to make the material amorophous (RESET

operation). These operations are controlled by electrical current:

high-power pulse for the RESET operation can program the mem-

ory cell into the RESET state with high-resistance, indicating logic

‘0’; and moderate power pulse with longer duration can program

the cell to the SET state with low resistance, which means logic

‘1’. A typical current-voltage (I-V) curve for a phase-change device

is shown in Figure 1.

The physical characters of a PRAM cell mainly depend on

the material characters and the fabrication process. However, the

access device of the memory cell can also have significant impact

on the operation conditions of the memory cell, such as power

consumption, read/write stability, access speed, as well as lifetime.

This paper addresses the problem that how to design the cell access

device and the operating voltage to meet the design specification,

including the write/read speed, energy consumption restriction,

lifetime requirement, as well as the basic switch requirement of

the cell.

The rest of the paper is organized as following: Section II gives a

brief review of the PRAM technology. In Section III, we discuss the

most significant constrained conditions when designing the PRAM

array in detail. Experimental results are analyzed in Section IV.

Finally, the conclusion is presented in Section V.

II. PHASE-CHANGE RAM TECHONOLOGY

In this section, the background information of the phase-change
memory technology is first presented. Different access devices of

the PRAM memory are investigated. Finally, the PRAM memory

array is presented in detail.
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Fig. 2. The schematic view of a PRAM cell with MOSFET selector
transistor (BL=Bitline, WL=Wordline, SL=Sourceline).

A. Phase-Change Mechanism

Unlike other conventional memory technologies that use electri-

cal charges to store information (such as SRAM or DRAM), PRAM

uses phase-change materials as its name implies. The phase-change

material has two phases, known as amorphous phase and crystalline
phase. These two phases have significant difference in resistance.

The amorphous phase represents a high electrical resistivity, while

the crystalline shows low resistivity.

A schematic view of PRAM cell with MOSFET access device

is shown in Figure 2. Every PRAM cell contains one storage

region and one selector transistor. The active storage region is

implemented at the intersection of a vertical thin-film metallic layer

and a thin layer of chalcogenide material. Several chalcogenide

materials have been used as the storage material in the PRAM.

In recent years, the fast crystallizing materials, GST, has become

the major chalcogenide material used in PRAM. The GST can be

crystallized in less than 100 ns, which ensures the high speed access

of the PRAM. This structure has a name of 1T1R where T means

the MOSFET transistor, and R stands for the GST. The GST in

each PRAM cell is connected to the drain region of the MOSFET

in series so that the data stored in PCRAM cells can be accessed

by controlling a wordline.

In PRAM, the phase-change material is crystallized by heating it

above its crystallization temperature (SET operation), and is melt-

quenched to make the material amorphous (RESET operation).

These operations are controlled by electrical current: high-power

pulses for the RESET operation that places the memory cell into the

high-resistance RESET state, moderate power but longer duration

pulses for the SET pulse returning the cell to the low-resistance

SET state, and finally very low power for retrieving data by sensing

the device resistance. Besides, the reading operation is realized by

applying a small voltage to the PRAM cell and sensing the current

across the cell. Therefore, to secure a reliable reading operation, the

current accessing the cell should be distinguishable enough. For the

1-bit PRAM cell, the high resistance (amorphous state) represents

logic ‘0’ and the low resistance (crystalline state) represents logic

‘1’. Therefore, the ratio of high resistance to low resistance reflects

the distinguishability between logic ‘1’ and logic ‘0’.

B. Access Device of PRAM

A single cell of a PRAM device includes an access device and

a data storage element serially connected to the access device. The

data storage element may include a lower electrode electrically

connected to the access device, and a phase change material layer in

contact with the lower electrode. The phase change material layer is

a material layer that electrically switches between amorphous and
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Fig. 3. Structure of PRAM cell.

crystalline states, or between various resistivity states depending

on the crystalline state of the material, in response to an applied

current.

A basic structure of the PRAM cell is shown in Figure 3(a).

The gate of the MOSFET selector is connected to the array word-

line, while its drain is connected to the bottom electrode of the

storage element (i.e., to the bottom terminal of the heater) through

a tungsten pre-contact. The MOSFET source is connected to the

common ground (chip substrate). The top electrode of the storage

element (i.e., the top surface of the GST layer) is connected to

the array bit-line, which runs orthogonally to the word-lines. The

accessing device selects a group of phase-change storage elements

inside the memory array. During previous years, it is popular that

MOSFET is chosen as the access device of the PRAM cell [10].

However, recent research show that bipolar junction transistor (BJT)

and diode are also suitable as the cell selector. Although BJT and

diode selectors occupy less area of the chip, the cumulative array

leakage current leads to a high power density of the chip. Therefore,

in this paper, the MOSFET device is used as the access device of

PRAM, which can also reduce the number of lithographic masks

required. Obviously, it is easy to extend the discussion to BJT

device and diode device.

C. PRAM Array Architecture

Figure 3 (b) describes the structure of the memory array in this

paper. As shown, the NMOS device is employed as the cell selector.

Each word-line is attached to a set of the access devices, NMOS,

choosing the word to read or write.

In our model, an N row, M column memory array is applied.

When a word-line is activated, M memory cells in all are selected

at the same time. Also, the bit-line voltage is applied to totally N

cells during each operation. Besides, the word width in our model

is W bits, which means that although M columns are selected at the

same time during write and read operations, only W bits are read

or written. The other M-W columns have the same bit-line voltage

of 0V, indicating that no operation is working on these columns.

III. DESIGN OPTIMIZATION FOR PRAM ARRAY

In this section, we analyze the constrained conditions of the

designing of PRAM array. There are several factors that should be

considered, such as endurance, data retention, high/low resistance

ratio, power consumption, and programming speed. Fortunately, not

all of these factors are crucial. It has been shown [11] that the
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PRAM has the data retention capability of 10 years at 110oC and

300 years at 85oC. Therefore, when designing the PRAM storage

array, we should focus on the most crucial factors such as the

resistance ratio (distinguishability), power consumption, lifetime

and speed.

A. Distinguishability of PRAM

The reading operation is realized by applying a small voltage to

the PRAM cell and sensing the current across the cell. Therefore,

to ensure a reliable reading operation, current accessing the cell

should be distinguishable enough. For the PRAM storage material,

the high resistance (or amorphous state) represents logic 0 and

the low resistance (or crystalline state) represents logic 1. As a

result, the ratio of high resistance to low resistance can reflect the

distinguishability between logic 1 and logic 0.

RatioPRAM = RH/RL (1)

However, we notice that this ratio just indicate the distinguisha-

bility of a storage material. If we consider the whole cell of PRAM,

which contains the storage material and the access device, we

should use the cell ratio (CRatio) to evaluate the distinguishability

of the cell. Since the resistance of the cell is evaluated by sensing

the current across it, the CRatio of the cell can be defined as follow:

CRatio = IreadH /IreadL (2)

After that, we consider the relationship between the size of MOS-

FET and CRatio. During the reading operation, the MOSFET works

at the resistive region. Therefore, the current across the cell is:

ID =
k(Vw − Vt)Vb

1 + k(Vw − Vt)R
(3)

Where the Vw and Vb indicate the word-line voltage and bit-line

voltage, Vt represents the threshold voltage of the access device. R

represents the resistance value of the storage material. Moreover, k

is the gain factor of the NMOS and is defined as

k = μnCoxW/L (4)

Then the distinguishability of the PRAM cell can be defined as:

CRatio =
1 + k(Vw − Vt)RH

1 + k(Vw − Vt)RL
(5)

For the 180nm technology, 1-bit PRAM cell, the relationship

between the word-line voltage (Vw), NMOS size and CRatio is

shown in Figure 4. We change the world-line voltage from 3V down

to 2.4V. At the same time, the width of the NMOS is adjusted from

0.18um to 1.8um. From these figures, we can see that both the width

of NMOS and word-line voltage can obviously affect the CRatio.

With the increase of the word-line voltage and the NMOS width,

the CRatio becomes more ideal. In other words, a higher word-line

voltage or a larger NMOS device is more desirable to obtain a high

distinguishability. However, the power consumption issues and area

consideration always require a low voltage and small device size.

Therefore, there should be a trade-off between the importance of

CRatio and the scaling of the device size as well as the reduction of

voltage level. Besides, as shown in Figure 4, the impact of NMOS

size is much more significant than that of the word-line voltage.

Hence. in order to simplify the problems, we fixed the word-line

value as 3V.
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Fig. 4. Effect of word-line voltage and NMOS width on CRatio
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Fig. 5. Effect of bit-line voltage and NMOS width on cell current

Besides the reading distinguishability, the read current needs to

be small enough to reduce the probability of the read disturbance.

Also, a minimum value of the read current is required to ensure

that it can be sensed properly. So the constraint of read current can

be defined as:

Ireadmin <
k(Vw − Vt)Vb

1 + k(Vw − Vt)R
< Ireadmax (6)

Noticing that the read-voltage is a constant, so the low bound of the

read current is decided by the reading operation of RESET state.

On the other hand, the upper bound is limited by the SET reading.

Therefore, Equation (6), is equivalent to the following equations

k(Vw − Vt)Vb/(1 + k(Vw − Vt)RH) > Ireadmin (7)

and

k(Vw − Vt)Vb/(1 + k(Vw − Vt)RL) < Ireadmax (8)

As aforementioned, the word-line voltage is set to 3V. Then

the relationship between bit-line voltage and NMOS width can be

plotted as Figure 5. The cell current rises with the incensement of

bit-line voltage and the NMOS width.

B. Energy dissipation of PRAM

The energy dissipation is another important factor to be consid-

ered when we design a PRAM array. As shown in Equation (9), the

total energy dissipation consists of the dynamic part and the static

part. As a non-volatile memory, PRAM has a very small energy

dissipation of the unselected cells. Therefore, during the calculation

of power consumption, we can just ignore the contribution of

unselected cells. In this case, the dynamic part consists of the

energy consumed in the phase-change material and the peripheral

circuit during the write and read operation. And, the static energy
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results from the leakage current of the unselected cells in the

selected row.

Etotal = Estatic + Edynamic (9)

1) Dynamic Energy: The dynamic energy consists of the energy

consumed during the read and write operation.

� Read Operation

The read operation applies a small voltage (Vread) across the

select PRAM cell. The read current is determined by the resistance

of the selected cell, bit-line voltage as well and the access device.

The energy dissipated during the read operation includes two major

parts: (1) energy consumed in bit-line and word-line charging and

discharging. (2) energy consumed in the phase-change material

status transition. As discussed, the PRAM array model in this paper

is an M × N array. Then the energy consumption of the array is

Eread = Ecircuit + Ecell, (10)

and {
Ecircuit = BNCBSV 2

read + NCWSV 2
read

Ecell = BVreadIreadTread
(11)

where CBS is the total bit-line switching capacitance, which

contains the bit-line capacitance and the parasitic capacitance

at the intermediate node. CWS is total word-line switching

capacitance, containing word-line capacitance as well as the

NMOS’s gate capacitance. B is the word width in the memory

array.

� Write Operation

Also, during the write operation, the energy dissipation is also

made up of the circuit part and cell part. Therefore, similar to the

read operation, the write energy of the array is given by:

Ewrite = Ecircuit + Ecell (12)

= BNCBSV 2
WL + NCWSV 2

WL + BVWLISW Twrite

2) Static Energy : The leakage energy is contributed by the

leakage current of the unselected cells in the selected column. In our

model, B bits are selected during one operation and totaly (N−1)B

cells contribute to the leakage energy.

Ewrite leakage = (N − 1)B × VbIwrite leakTwrite (13)

Eread leakage = (N − 1)B × VbIread leakTread (14)

and the Iwriteleak and Iwriteleak are given by:

Iwrite(read) leakage = Ise
Vb/nqkT (1−e−Vb/qkT/)(1+λVb) (15)

C. Performance of PRAM

The performance is another critical issue of the memory array

design. For PRAM cell, the write/read speed is determined by

the pulse width of the programming current, especially by the

SET pulse width. It is shown in [12] that the SET and RESET

programming current as a function of current pulse width for

PRAM. From [12], we can assume the similar relationship for

our PRAM material. From [10], the typical SET and RESET

�

� 
� ��� �
� ���
���

���

���

���

����

����

����

����

%��&���������&�

%�
� 
��
�
�
��
 �
�
��
�
��
���

$�

�'(')

� 
� ��� �
� ���
�

���

���

���

���

����

����

����

%��&���������&�

%�
� 
��
�
�
��
 �
�
��
�
��
���

$�

(')

Fig. 6. Relationship between current and pulse width.
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Fig. 7. Performance as a function of current pulse width for PRAM (SET).
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Fig. 8. Performance as a function of bit-line voltage for PRAM (SET).

current for PRAM cell are 300uA and 600uA, and the typical

SET and RESET time are 150ns and 40ns. Therefore, without loss

of generality, we scale the results of [12] as Figure 6. Although

the scaling is not accurate, the relationship between programming

current and current pulse width is specific. Both the RESET and

SET programming currents vary with the width of SET and RESET

pulse. It suggests there is a monotonic relationship between the

programming current’s amplitude and pulse width. We define the

relationship between current amplitude and duration as:

WidthSET = fSET (ISET ) (16)

WidthRESET = fRESET (IRESET ) (17)

The lower programming current requires a relative longer pro-

gramming time. In other words, the low programming current

would affect the speed of the PRAM. Then we can get the

relationships between the NMOS width/bit-line voltage and the

performance (circuit speed), which are shown in Figure 7 and

Figure 8.
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Fig. 9. Design space of NMOS width and bit-line voltage. (Vmax = 4.5V )
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Fig. 10. Design space of NMOS width and bit-line voltage. (Vmax =
2.5V )

D. Lifetime of PRAM

Lifetime is another important topic for the PRAM array design.

The lifetime of PRAM is represented by the cycling endurance.

It shows that the normal lifetime of a PRAM cell is about 1012

cycles [13]. It means that during this time, the inherent memory

characteristics such as SET resistance, RESET resistance, and

writing current are unchanged. However, it is shown that the cycle

lifetime acted as a function of pulse energy applied for the memory

cell during the RESET writing. The reason for higher energy pulse

induced cycle lifetime degradation is that the RESET resistance can

be saturated when the writing current is higher than a critical level.

This “over programming” phenomena can result in lager amorphous

volume, and then degrade the PRAM’s lifetime.

Therefore, in order to meet the lifetime requirement, the RESET

pulse energy needs to satisfy an upper bound Elifetime. To ensure

the required lifetime, we use the following criteria:

VRESET IRESET TRESET < Elifetime (18)

IV. EXPERIMENTAL RESULTS

A. Experiments Setup

The objective of this paper is to explore the Vb and W space

under different constraints. Considering the bit-line voltage can not

be infinity, we add the maximum bit-line voltage to the constrains.

Also, the minimum width of NMOS is added. Then the problem

can be formulated as following:

1) Energy-driven optimization

Objective:
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Fig. 11. Energy distribution. (W=0.36um)

Optimize the Vb and W to minimize:

Earray = Estatic + Edynamic

Constrains:

(a) PulseWidth < PulseWidthmax

(b) IRESET > Iresetmin

(c) ISET > Iwritemin

(d) Ireadmin < Iread < Ireadmax

(e) Elifetime < Elmax

(f) Vbit−line < Vbit−linemax

(g) W > Wmin

2) Performance-driven optimization

Objective:

Optimize the Vb and W to minimize the PulseWidth.

Constrains:

(a) Energy < Emax

(b) IRESET > Iresetmin

(c) ISET > Iwritemin

(d) Ireadmin < Iread < Ireadmax

(e) Elifetime < Elmax

(f) Vbit−line < Vbit−linemax

(g) W > Wmin

B. Experiments Results

1) Energy-driven optimization

We fist consider the energy-driven optimization for the 180nm

technology. The design requirements are⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

PulseWidthmax = 100ns

Iresetmin = 1mA

Iwritemin = 0.4mA

Elmax = 5 × 10−10

Vbit−linemax = 4.5V

Wmin = 0.18um

(19)

Then we can get the design space of the bit-voltage and the

device width first, as shown in Figure 9 . Consider that the Vmax

in this experiment is set to 4.5V, so it is not a critical constraint

in Figure 9. If we reduce the maximum voltage of bit-line to 2.5V,

then the design space is limited by the voltage constrains. As shown

in Figure 10, the NMOS with 0.18um width is no longer in this

design space, at the same time, design space for the 0.36um NMOS

device is also affected.

For each point in this space, the energy dissipation can be obtain

by Equation (9). In our work ,the word width is 8 bits and the
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Fig. 12. Design space of NMOS width and bit-line voltage.
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Fig. 13. Energy distribution. (W=0.36um)

memory array is 32bits × 128bits (B=8, M=32 and N=128). Take

the NMOS width= 0.36um for example, we can draw the energy

distribution as Figure 11. It shows that the increasing of bit-line

voltages will lead to higher level of energy dissipation.

2) Performance-driven optimization

Then consider the performance-driven optimization. In this part,

the design objective is optimizing the Vb and W to minimize the

PulseWidth, and therefore enhance the performance. Firstly, the

design requirements are⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

Energymax = 10−7J

Iresetmin = 1mA

Iwritemin = 0.4mA

Elmax = 5 × 10−10

Vbit−linemax = 4.5V

Wmin = 0.18um

(20)

Similarly, the design space is shown in Figure 12. The design

space with small NMOS device is limited by the performance

constrain. It is because that the using of small NMOS requires

relative larger programming current (bit-line voltage), resulting

in a high power consumption of the PRAM. Also, setting the

NMOS width= 0.36um, we can draw the performance distribution

as Figure 12. We mark the energy constraint as a dark plane in

this figure. Compared to Figure 11, we can find that the energy

constraint results in a reduction of the design space.

V. CONCLUSION AND FURTHER WORK

Among all emerging memory technologies, PRAM has become

the most promising candidate for future universal memory. Al-

though the properties of PRAM are mainly decided by the phase-

change materials (GST), the access device and operating voltage

can have a significant impact on the properties of the PRAM

array. In this paper, we analyzed the effect of access device size

and operating voltage on important characters of PRAM, such as

reading distinguishability, power consumption, performance and

lifetime. With the analysis results, we demonstrated how to size

the access device and decide the operating voltage to optimize the

performance/energy/lifetime of the PRAM array.
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