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I. INTRODUCTION

HASE change memory (PCM) is a nonvolatile memory

based on the ability of a chalcogenide alloy to
reversibly switch from a crystalline phase with low electrical
resistance (few kiloohms) to an amorphous phase with
high electrical resistance (few megaohms) [1]. Switching
between the two phases is obtained by the application of
voltage pulses, inducing Joule heating in the phase change
chalcogenide material. PCM was demonstrated to have
excellent scalability [2], fast switching [3], and long data
retention [4]. The possibility to tune the device property
by changing the composition of the phase change material
makes PCM suitable for a large range of applications, from
standalone to embedded memory [5]. To better assess the
potential of PCM in memory and storage applications, the
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Fig. 1. Schematic of the PCM used in our experiments, with GST film
enclosed between a top electrode and a confined BE. The two sketches indicate
operation under a positive (left) or negative (right) voltage applied to the top
electrode. The boundary conditions of the finite-element model in Section VI
are also indicated.

thermal/electrical phenomena controlling heating and phase
transition must be carefully understood and modeled.

In this paper, we address the impact of thermoelectric (TE)
in PCM devices from both experimental and modeling points
of view. Our experimental results show that a different heating
takes place under negative and positive voltage polarities,
which is attributed to TE. The experimental findings are
summarized on a universal plot relating the positive and
negative voltage for major thermally induced phenomena in
the PCM, namely, melting, crystallization, holding of the
ON-state, and ion migration in both the ON- and OFF-states.
We refine our finite-element model of the PCM [6] to describe
Joule heating combined with Thomson, Peltier, and Seebeck
effects. The model correctly accounts for the universal TE
characteristic, highlighting the relevance of TE to achieve
energy-efficient PCM devices. The model is finally used to
evaluate the impact of isotropic scaling on TE.

II. SET REGIME

We performed experiments on mushroom-type PCM cells
in 45-nm technology [7], with Ge>SbyTes (GST) as active
material. Fig. 1 schematically shows the PCM device in the
mushroom structure. The GST layer is enclosed between a
top electrode and a confined bottom electrode (BE) contact,
which allows for efficient Joule heating inside the phase
change layer. Fig. 1 also shows the voltage sign convention
adopted in this paper, where the BE is grounded and the
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Fig. 2. Measured /-V curves for a PCM device in the reset state at positive
and negative voltages. Threshold voltage V7 and threshold current /7 are also
shown.
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Fig. 3. (a) Measured R as a function of programming voltage V for a reset-
state PCM. The characteristics for positive and negative V are compared.
Set/reset transitions shift to higher voltages for V < 0. (b) Measured R as
a function of V for a set-state PCM for positive and negative V. The reset
transition takes place at higher V for negative voltage.

voltage sign corresponds to the sign of the voltage at the
top electrode.

The PCM device was directly connected to a
TTi TGA 12102 arbitrary waveform generator for pulse
delivery and to an Agilent B2900 parameter analyzer for
resistance reading. The two instruments were decoupled by
an 8-nF bypass capacitor connected in series to the waveform
generator channel. Fig. 2 shows the current-voltage (I-V)
characteristics of a PCM cell in the reset (amorphous)
state, obtained by the application of a previous positive
voltage pulse. The curves are almost symmetric, showing
an exponential increase of current with voltage [8]
(Poole—Frenkel regime) toward threshold switching, taking
place at threshold voltage V7 and threshold current I [9].
Device readout is carried out in the region below It
(OFF-state), while the region above I7 (ON-state) is exploited
for program operation [10]. We performed bipolar R read
at Iread = £1 nA, and we verified that the R measured at
positive and negative polarities was the same.

Fig. 3(a) shows the programming curve of the PCM. The
resistance R is measured after voltage pulses with amplitude V
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Fig. 4. Color map of the measured R as a function of pulse amplitude V
and pulse duration 7p for (a) V < 0 and (b) V > 0. R decreases at increas-
ing V due to crystallization (set), and then increases due to melting/reset.
A larger V is needed for set transition at V < 0.

and constant pulsewidth rp = 170 ns. To allow the character-
ization of programming curve below V7, the voltage pulse
was anticipated by a short pulse (fp < 20 ns) with amplitude
above V7, with negligible impact on GST crystallization [10].
The cell was prepared in the reset state before every program-
ming pulse. As the programming voltage increases, R grad-
ually decreases due to the thermally activated crystallization
of the amorphous phase (set transition), and then, R increases
as the temperature in the switching layer exceeds the GST
melting point 7, = 900 K [6]. Both effects are thermally
driven and are, therefore, expected to be sensitive to TE.

To compare results at different voltage polarities, we defined
a set voltage at the crossing of the programming curves with
the critical value of resistance R* = 1 MQ shown in Fig. 3(a).
The figure shows that crystallization and melting are shifted to
higher voltage for V < 0, compared with V > 0. We attribute
the shift to TE, leading to higher local temperature in the GST
volume for V > 0 with respect to V < 0 at a given |V| [11].
The higher set-state R at V < 0 can be attributed to ion
migration, consistently with results in Section IV, and to the
lower T at V < 0 reducing crystallization speed.

Fig. 3(b) shows the R—V characteristics in the reset region
for a PCM device initially prepared in the set (crystalline)
state. To initialize the device in the set state, a relatively
slow voltage sweep was delivered to the cell before every
reset pulse. Data confirm the asymmetry in the programming
characteristics, where a higher voltage is needed to achieve
the melting point and the consequent amorphization at V < 0.
The smaller shift with respect to Fig. 3(a) can be attributed to
the different initial states, i.e., set state instead of reset state,
which show different TE parameters.

From results in Figs. 3 and 4, we conclude that electrically
induced heating is less efficient for negative bias, which
results in a higher voltage needed to trigger crystallization
and melting compared with the positive voltage operation.
Equivalently, crystallization is slower for V < 0 compared
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Fig. 5. (a) Applied voltage and (b) measured current to evaluate the holding
voltage V. The first 100-ns pulse induces reset, and then, the voltage is
reduced in the following 1 us, while the current response is monitored. For
V > Vg (A), the ON-state is sustained, while for V < Vg (C), the cell
immediately decays to the OFF-state. The condition of unstable ON-state (B)
defines V = V.

with V > 0, at a given pulse amplitude |V|. Fig. 4 shows
programming curves showing R (color map) as a function of V
(x-axis) and 7p (y-axis) for negative and positive voltage. Data
in the figure confirm that the heating is inhibited for V < 0.

III. HOLDING VOLTAGE

To study the impact of TE on electrical transition, we
characterized the holding voltage Vg needed to sustain the
device in the ON-state in Fig. 2 after threshold switching.
Fig. 5 shows the measurement technique to evaluate the
holding voltage Vg in our devices. First, a 100-ns reset
pulse with amplitude Vieser = 1.75 V was applied to switch
the device in the ON-state [Fig. 5(a)], and then, the voltage
was decreased to a lower value V while monitoring the
current in real time [Fig. 5(b)]. For V. > Vg (A), the cell
remains in the ON-state with a current well above 50 uA. For
V < Vpy, instead, the current immediately turns OFF from the
ON-state (C). The voltage Vg is defined by the intermediate
case (B) where the cell switches OFF in a finite time after the
reset pulse.

The waveforms in Fig. 5 allow measuring the /-V curve
of the PCM in the ON-state, which is shown in Fig. 6(a).
The I-V curve was obtained by taking the average current in
the second region of the pulse, as a function of the applied
voltage for V > 0 and V < 0. The sharp drop from the linear
ON-state to the high-resistance OFF-state marks the hold-
ing voltage Vy. The experimental results clearly indicate a
larger Vg at negative voltage, namely, Vg =0.74 Vat V > 0
and Vg = —-092 VatV <0.

Similar measurements were repeated by changing the ampli-
tude Vieser > 0 in the first region of the modulated pulse.
Fig. 6(b) shows the measured Vy for both positive and
negative V, as a function of Vies. The holding voltage
increases with Vieset, since this defines the thickness of the
amorphous volume in which the ON-state must be sustained.
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Fig. 6. (a) Measured /-V curves from the technique in Fig. 5 at V > 0 and

V < 0 and (b) measured Vg as a function of the reset pulse voltage Vreset.
From the /-V curves in (a), one can extract Vg, in correspondence of the
sharp drop from the ON-state (/ > 50 pA) to the OFF-state (I < 50 uA).
Vy is relatively large for an applied voltage V < 0 due to TE causing less
efficient heating under negative voltage.

For a larger volume of amorphous GST, a larger voltage
is needed to maintain a sufficiently high temperature over
the whole amorphous volume. Most importantly, the holding
voltage is generally higher at negative voltage compared
with V > 0, in agreement with the polarity dependence of
phase transition voltages in Fig. 3. These experiments suggest
that the temperature significantly contributes to the holding
process, and thus making it sensitive to polarity-dependent TE.

IV. ION MIGRATION

Previous works addressed ion migration in PCM under
relatively high-voltage pulse where a significant fraction of
the chalcogenide material is in the liquid phase [12], [13].
However, ion migration induced by the local temperature and
electric field might also take place in the solid state, as a
result of ionic diffusion and drift of cations/anions in both the
crystalline and amorphous phases of GST. To investigate ion
migration effects in the solid state, we studied the kinetics of
ion migration below melting in both the ON- and the OFF-state.

Regarding the ON-state migration, Fig. 7(a) shows the
resistance measured after the application of a negative voltage
pulse to a PCM device prepared in the set state, as a function
of the pulsewidth 7p. The negative voltage applied to the cell
leads to an increase of R, which can be ascribed to the voltage-
driven migration of cations (e.g., Sb) and anions (e.g., Te),
resulting in the accumulation of Te and the depletion of Sb
at the BE side in the PCM [13]. The drift of the resistance
is accelerated by increasing |V|, which is attributed to the
increase of local temperature assisting the ionic migration.
In fact, as the local temperature in the device increases, the
ion migration process is accelerated thanks to the thermal



Fig. 7. (a) Measured R as a function of pulse duration ¢p for a PCM prepared
in the full set state for V < 0. (b) Measured R for voltage pulses V > 0
applied to a state R = 1.5 x 10° Q in (a). Data show a significant voltage
acceleration of resistance increase/decrease.

activation of atomic diffusivity [14]. We verified that the
process is reversible. Once a resistance R ~ 107 Q was
reached, the polarity was reversed by applying a voltage pulse
below melting with V' > 0. The positive voltage causes a
decrease of resistance, which recovers the original set state,
as shown in Fig. 7(b). The decrease of resistance is attributed
to the opposite mechanism, where Sb moves toward the BE
and Te to the top electrode under the combined effect of Joule
heating and electric field [15], [16]. The time needed for ion
migration in the ON-state was defined at the crossing with the
threshold resistance R* = 50 kQ. To summarize these results,
Fig. 8 shows color maps of R as a function of V (x-axis) and
tp (y-axis) for negative and positive V.

Ion migration was studied in the OFF-state below It
by applying a constant current |[lgress] < 1 uA to a
PCM device in the amorphous phase. The current was kept
below 1 uA to avoid threshold switching, and thus ensuring
OFF-state conditions in the experiment. The current stress was
periodically stopped to perform low-voltage R reading at Ireqq-
Fig. 9(a) shows the measured R as a function of the duration ¢p
of the negative stress. To highlight the change of R under
negative stress, we prepared the cell in a positively migrated
condition by stressing the cell at 1 A for 100 s. A current-
accelerated increase of resistance, due to ion migration, occurs
over a time range tp > 10 ms. Similar to ion migration in
the ON-state, the process is accelerated by increasing Iress.
The longer time scale for resistance increase with respect to
Fig. 7(a) can be ascribed to the lower Joule heating in the
OFF-state due to lower current level. To study OFF-state
migration at Iggess > 0, we prepared the cell in a negatively
migrated state by 100-s long stress at —1 uA. Also, in this case,
OFF-state migration is reversible, as shown by the decrease of
R in Fig. 9(b). Note that due to TE, even a 10-ms positive
stress at Igyress > 50 nA is able to induce significant R change.
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Fig. 8. Measured R (color scale) as a function of tp and V for ON-state
ion-migration experiments similar to Fig. 7 for (a) V < 0 and (b) V > 0.
The change of R shifts to higher V and longer times for negative voltage due
to TE.
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Fig. 9. Measured R as a function of 7p for current stress in the OFF-state
at (a) Istress < 0 and (b) Istress > 0. The positive stress in (b) is applied to
the final state obtained after negative stress in (a).

The time needed for ion migration in the OFF-state was defined
at the crossing with the threshold resistance R* = 50 MQ.
These measurements highlight the relevance of ion migration
for read disturb reliability, similar to voltage-accelerated drift
and crystallization [10]. Fig. 10 shows color maps of R as a
function of Igyess (x-axis) and zp (y-axis) for Igress < 0 and
Lsiress > 0, confirming the slower ion migration at V < 0.
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Fig. 10. Measured R as a function of 7p and V for ion-migration
experiments in the OFF-state similar to Fig. 9 for (a) Isgress < 0 and
() Istress > 0.
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Fig. 11.  Measured tp for ion migration in the ON-state (Fig. 7), ion

migration in the OFF-state (Fig. 9), and for set transition [Fig. 3(a)]. The
transition time tp was evaluated at the threshold resistance R* shown in
Figs. 3(a), 7, and 9. The transition voltage at any ¢p is systematically higher
for V < 0, compared with V > 0.

V. TE CHARACTERISTIC

Fig. 11 shows the correlation between pulsewidth p and
voltage V for set transition (pulse-induced crystallization) and
ion migration in either the ON- or OFF-state regime. The
reported values for crystallization were obtained by taking
the voltage needed for a resistance drop below a threshold
R* = 1 MQ at any given tp [see Fig. 3(a)]. The values for ion
migration were obtained by taking as reference the crossing
of R* = 50 kQ in Fig. 7 for ion migration in the ON-state
or R* =50 MQ in Fig. 9 for ion migration in the OFF-state.
Despite the different ranges of tp and V, all processes are
slower for V < O due to TE and to the consequent polarity-
dependent heating in the GST layer.
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Fig. 12. Correlation plot of measured and calculated characteristic
voltages V4 and V_ for various PCM processes, namely, set transition, reset
transition, holding, and ion migration in the ON- and OFF-states. Each pair of
voltages V4 and V_ is identified by a value of #p in Fig. 11 or by a variable
Vreset [Fig. 6(b)] or by a threshold resistance R [Fig. 3(b)].

Fig. 12 shows the scatter plot of V4 and V_, namely, the
voltages needed to accelerate set transition and ion migration
at equal 7p in Fig. 11. The figure also includes melting and
reset transitions evaluated at increasing threshold resistance
from Fig. 3(b) and holding data, namely, Vg at increasing
Vieset from Fig. 6(b). Irrespective of the specific process
considered, all data in Fig. 12 show a universal correlation
between V, and V_ with V_ > V. due to the underlying
TE. The plot in Fig. 12 shows a simple and effective way to
characterize TE in the PCM device.

VI. MODELING AND SCALING

TE were modeled by solving carrier and heat conduction
equations with Comsol in the cylindrical symmetric
2-D geometry [6], with the boundary conditions in Fig. 1.
Thomson and Joule heating were included in the Fourier
equation

V(kaVT) — J(Vy + TVS) =0 (1)

where kg, is the thermal conductivity, T is the temperature,
is the electrostatic potential, and J is the current density given
by

J=—0c(Vy + SVT) 2)

where S is the Seebeck coefficient and o is the electrical
conductivity [11]. The model can also describe Peltier heating
and cooling at the boundaries of the PCM regions [19].
Fourier equation was solved self-consistently with the current
continuity equation

vJ =0. 3)

The parameters used in the model at zero electric field and
room temperature are shown in Table I. To correctly describe
electric and thermal transport in the ON-state, the temperature



TABLE I
PARAMETERS USED IN THE SIMULATIONS AT 300 K AND F =0

Material o [Sm™T] Kk, [Wm—TK-T] S [uVK~T]
cGST 2.8 x 103 0.51 220
aGST 0.8 0.19 320
BE 2.3 x 10* 54.5 —-10
Top Electrode 2 x 107 174 -1
Insulator 1014 0.7 0
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Fig. 13. (a) Electrical conductivity, (b) thermal conductivity, and (c) Seebeck
coefficient, as a function of T for crystalline GST. The Seebeck coefficient
for amorphous GST is also shown in (c). Parameters are derived
from [17] and [18].
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Fig. 14. Calculated contour plots of 7;, for increasing voltage at (a) V > 0
and (b) V < 0. Note the larger molten volume in (a) at the same |V]|, as a
result of Thomson heating in GST. Map of calculated T and contour plot
of T for a reset-state PCM during set transition at (¢) V = 0.9 V and
(d) V = —0.9 V. The higher heating at V > 0 can be attributed to the
larger Thomson heat in the GST volume at positive voltage.

dependence of 7, ki, and S was properly considered according
to [17], [18], [20], and [21], as shown in Fig. 13.

Fig. 14 shows the calculated contour plot of 7, = 900 K
for increasing voltages V > 0 and V < 0 in the set
state. The contour shows that the hot spot shifts from the
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Fig. 15. (a) Calculated profile of T, (b) S, and (c) total/Thomson heat along

the symmetry axis (z) during set transition at V = 0.9 V [see Fig. 14(c)] and
V = —0.9 V [see Fig. 14(d)]. The higher heating at V > 0 can be attributed
to the larger Thomson heat in the GST volume at positive voltage.

chalcogenide volume at V > 0 toward the BE for V <
0. Fig. 14(c) and (d) shows the contour plot of calculated
temperature at V = 0.9 and —0.9 V in the reset state during set
transition. Heating in GST is clearly more efficient for V > 0.
To understand the polarity-dependent heating in Fig. 14,
Fig. 15 shows the temperature profile along the vertical
symmetry axis of the device for positive and negative applied
voltage and the corresponding profile of S. The size of V.S
in (1) is the same for positive and negative voltage, while J
changes sign thus leading to heating and cooling inside GST
for V. > 0 and V < 0, respectively [Fig. 15(c)].

The lower heating efficiency for V < 0 explains the origin
of V_ > V4 in Fig. 12, which in our model is mainly due
to Thomson heating in bulk GST and marginally to Peltier
heating at the heater—GST interface. The predominance of
Thomson heating in our devices is motivated by the small A S
between liquid GST and TiN, leading to smaller voltage asym-
metry for the points above melting compared with the points
below melting in Fig. 12. The calculated positive/negative V to
achieve a given T at a fixed z in the amorphous GST volume
(related to the choice of R*) is shown in the correlation plot
of Fig. 12. The figure also shows V, and V_ for the reset
transition in the crystalline phase, obtained as positive/negative
voltages leading to the same contour at 7;,. The model is able
to correctly reproduce the experimental data.

We further used the finite-element model to address the
impact of isotropic scaling [22] on TE. Fig. 16 shows the
calculated profiles of T and AT, namely, the difference
between T at V > 0 and V < 0, for a technology feature size
F =45 and 22 nm, at |V| = 0.9 V. We defined ATy« as the
maximum AT inside the GST layer. The model indicates that
the same maximum 7 and AT are obtained irrespective of F.

Fig. 17 shows a comparison of the calculated universal
TE characteristic for F = 45 and 22 nm, confirming the
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Fig. 17. Correlation of V4 and V_ for set and reset states of PCM devices

of generation F' =45 and 22 nm, as shown in Fig. 16. The isotropic scaling
leads to the same TE, as confirmed in the inset, showing ATmax [as shown
in Fig. 16(a)] as a function of F.

same impact of TE in the scaled device. The inset shows
the calculated ATp,x for four different values of F, namely,
F =45,22,11, and 5 nm.

The simulation results confirm that TE do not change
as the PCM device is isotropically scaled down, since the
predominant Thomson heating is a volume-dependent effect.
Note that different results would be obtained if the scaling
was not perfectly isotropic, or if the scaling of the device
was accompanied by a modification of the process and/or
of the materials surrounding the GST layer altering the
thermal/electrical boundary resistance and the impact of
Peltier heating compared with Thomson heating.

VII. CONCLUSION

We studied the impact of TE in thermally induced PCM
processes, such as melting, crystallization, ON/OFF ion migra-
tion, and holding. We found that the characteristic voltage V_
for each of the thermally induced phenomena is larger than V.,
namely, |V_| > V4 due to the polarity-dependent heating
caused by TE. A universal characteristic relating V; and V_ is

evidenced. TE is reproduced by a model, including Thomson
and Peltier effects, able to predict polarity-dependent
programming/disturb characteristics at variable PCM size.

ACKNOWLEDGMENT

The authors would like to thank Micron Technology for
providing the experimental samples.

REFERENCES

[1] S. Raoux, W. Welnic, and D. Ielmini, “Phase change materials and
their application to nonvolatile memories,” Chem. Rev., vol. 110, no. 1,
pp- 240-267, 2010.

[2] F. Xiong, A. D. Liao, D. Estrada, and E. Pop, “Low-power switching
of phase-change materials with carbon nanotube electrodes,” Science,
vol. 332, no. 6029, pp. 568-570, 2011.

[3] D. Loke et al., “Breaking the speed limits of phase-change memory,”
Science, vol. 336, no. 6088, pp. 1566-1569, Jun. 2012.

[4] M. Rizzi et al., “Reset-induced variability of retention characteristics
in phase change memory (PCM),” in Proc. IRPS, Jun. 2014,
pp. SE4.1-5E.4.6.

[5] N. Ciocchini, E. Palumbo, M. Borghi, P. Zuliani, R. Annunziata, and
D. Ielmini, “Modeling resistance instabilities of set and reset states in
phase change memory with Ge-rich GeSbTe,” IEEE Trans. Electron
Devices, vol. 61, no. 6, pp. 2136-2144, Jun. 2014.

[6] N. Ciocchini, M. Cassinerio, D. Fugazza, and D. Ielmini, “Evidence
for non-arrhenius kinetics of crystallization in phase change memory
devices,” IEEE Trans. Electron Devices, vol. 60, no. 11, pp. 3767-3774,
Nov. 2013.

[7]1 G. Servalli, “A 45 nm generation phase change memory technology,”
in IEDM Tech. Dig., Dec. 2009, pp. 1-4.

[8] D. Ielmini and Y. Zhang, “Evidence for trap-limited transport in the
subthreshold conduction regime of chalcogenide glasses,” Appl. Phys.
Lett., vol. 90, no. 19, p. 192102, 2007.

[9] N. Ciocchini, M. Cassinerio, D. Fugazza, and D. Ielmini, “Modeling of

threshold-voltage drift in phase-change memory (PCM) devices,” IEEE

Trans. Electron Devices, vol. 59, no. 11, pp. 3084-3090, Nov. 2012.

N. Ciocchini and D. Ielmini, “Pulse-induced crystallization in

phase-change memories under set and disturb conditions,” IEEE Trans.

Electron Devices, vol. 62, no. 3, pp. 847-854, Mar. 2015.

D. T. Castro et al., “Evidence of the thermo-electric Thomson effect

and influence on the program conditions and cell optimization in phase-

change memory cells,” in IEDM Tech. Dig., Dec. 2007, pp. 315-318.

A. Padilla et al., “Voltage polarity effects in Ge)SbyTes-based phase

change memory devices,” J. Appl. Phys., vol. 110, no. 5, p. 054501,

2011.

G. Novielli, A. Ghetti, E. Varesi, A. Mauri, and R. Sacco, “Atomic

migration in phase change materials,” in JEDM Tech. Dig., Dec. 2013,

pp. 22.3.1-22.3.4.

G. C. Sosso, G. Miceli, S. Caravati, F. Giberti, J. Behler, and

M. Bernasconi, “Fast crystallization of the phase change compound

GeTe by large-scale molecular dynamics simulations,” J. Phys. Chem.

Lett., vol. 4, no. 24, pp. 4241-4246, 2013.

B. Rajendran et al., “On the dynamic resistance and reliability of phase

change memory,” in Symp. VLSI Tech. Dig., Jun. 2008, pp. 96-97.

M. H. Lee et al., “The impact of hole-induced electromigration on

the cycling endurance of phase change memory,” in IEDM Tech. Dig.,

Dec. 2010, pp. 28.6.1-28.6.4.

A. Cywar, J. Li, C. Lam, and H. Silva, “The impact of heater-recess

and load matching in phase change memory mushroom cells,”

Nanotechnology, vol. 23, no. 22, p. 225201, 2012.

N. Kan’an, A. Faraclas, N. Williams, H. Silva, and A. Gokirmak,

“Computational analysis of rupture-oxide phase-change memory cells,”

IEEE Trans. Electron Devices, vol. 60, no. 5, pp. 1649-1655,

May 2013.

K. L. Grosse, F. Xiong, S. Hong, W. P. King, and E. Pop, “Direct

observation of nanometer-scale Joule and Peltier effects in phase change

memory devices,” Appl. Phys. Lett., vol. 102, no. 19, p. 193503, 2013.

J. Lee, M. Asheghi, and K. E. Goodson, “Impact of thermoelectric

phenomena on phase-change memory performance metrics and scaling,”

Nanotechnology, vol. 23, no. 20, p. 205201, May 2012.

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]



[21]

[22]

A. Faraclas et al., “Modeling of thermoelectric effects in phase
change memory cells,” IEEE Trans. Electron Devices, vol. 61, no. 2,
pp. 372-378, Feb. 2014.

U. Russo, D. Ielmini, A. Redaelli, and A. L. Lacaita, “Modeling of
programming and read performance in phase-change memories—Part I:
Cell optimization and scaling,” IEEE Trans. Electron Devices, vol. 55,
no. 2, pp. 506-514, Feb. 2008.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChancery-MediumItalic
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


