IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 56, NO. 7, JULY 2009

1523

Compact Thermal Model for Vertical Nanowire
Phase-Change Memory Cells
I-Ru Chen, Student Member, IEEE, and Eric Pop, Member, IEEE

Abstract—We introduce a compact model for the temperature
distribution in cylindrical nanowire (NW) phase-change memory
(PCM) cells for both transient (nanoseconds) and steady-state
time scales. The model takes advantage of the symmetry of the
cell to efficiently calculate temperature distribution dependence
on geometry and material/interface properties. The results are
compared with data from the literature and with finite-element
simulations, showing improved computation speed by two orders
of magnitude. Programming current sensitivity to cell dimensions
and material properties is investigated, indicating that NW diameter (D) and thermal boundary resistance (TBR) play the strongest
role in enhancing PCM energy efficiency.
Index Terms—Compact model, GST nanowire (NW), phasechange memory (PCM), thermal transport.

I. INTRODUCTION

P

HASE-CHANGE memory (PCM) is a promising candidate for next-generation nonvolatile data storage, offering
good cycling endurance, extended scalability, and reduced programming/access times [1]–[3]. Phase-change materials such
as Ge2 Sb2 Te5 (GST) and GeTe are chalcogenide glasses that
can reversibly switch between their crystalline and amorphous
phases through Joule heating [4]. A large resistivity change
(> 100×) between the two states allows the bit to be stored as 0
or 1, while programming is achieved at nanosecond time scales
and low (∼1 V) voltages [5], [6]. Nevertheless, reducing power
consumption in PCM cells remains a key challenge, in particular due to the high current (∼0.5 mA) presently required for the
crystalline-to-amorphous phase transition (RESET) [1]. Lowering the programming current would also downsize the PCM
access transistors, enabling higher bit density. To optimize
PCM programming current and energy efficiency, a complete
understanding and modeling of the temperature distribution in
PCM cells is required.
Previous modeling work has focused on finite-element (FE)
simulations for PCM cells [3], [7] and the effect of thermal
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Fig. 1. (a) Schematic of a vertical nanowire PCM cell. (b) Default material
and interface properties. These include the electrical resistivity ρ, thermal conductivity k, and heat capacity C. The thermal diffusivity α = k/C. Parameter
values can be modified or empirically fitted to the particular experimental test
structure, materials, and process conditions.

boundary resistance (TBR) [8]. However, FE simulations are
time-consuming and not suited for circuit analysis, while existing analytic models use simple electrical and thermal circuit equivalents [9], [10], offering limited insight into spatial
and geometric dependences of the programming current and
assuming steady-state operation. An improved analytic model
has recently been used to examine the RESET current in a
“mushroom” cell [11], yet without including the strong role of
TBR. In this brief, we introduce an efficient compact thermal
model which yields both time- and position-dependent temperature distributions in PCM cells. We include TBR at material
interfaces, and the model enables the calculation of the RESET
current and the exact location of the peak temperature in a
device without a priori assumptions about the latter. In particular, we focus on the nanopore-like [12], [13], [19] or nanowire
(NW) [14], [15] device layout, which is thought to exhibit the
best thermal confinement, and take advantage of the cylindrical
symmetry for efficient modeling. We benchmark our compact
model with FE simulations in both steady-state and transient
(nanosecond time scale) conditions. Finally, we examine the
programming current dependence on cell geometry, material
properties, and TBR and compare our results with data available
in the literature.
II. COMPACT THERMAL MODEL
Fig. 1 shows the schematic of a vertical segmented NW
PCM cell and the default material properties used in the model.
Thermal boundary resistance is a critical component [8], and
it is modeled at the oxide–NW and GST–TiN interfaces. The
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Fig. 2. Comparison between finite-element (FE) and compact model simulations, for PCM cell with diameter D = 40 nm, segment lengths LH = 100 nm
(bottom TiN heater), LG = 20 nm (GST), and LT = 20 nm (top TiN). Symbols are FE results; lines represent analytic model. (a) Three-dimensional temperature
distribution from FE simulation. (b) Transient temperature profile at hot point in GST. (c) Axial temperature profile, along the axis of symmetry (r = 0) at
transient time t = 0.5 ns, and after steady state is reached. (d) Radial temperature profile at GST–heater interface (z = 0+ ), in the same two time regimes.

(TT ) can be treated identically. Given the narrow diameter,
surrounding TBR, and higher kTiN , we may assume that the
lateral temperature is uniform in the NW [10] but decays
exponentially in SiO2 with exp(−r2 /4αSiO2 t)/r dependence,
where αSiO2 = kSiO2 /CSiO2 is the thermal diffusivity of the
oxide, with k and C being the thermal conductivity and volumetric heat capacity, respectively, as shown in Fig. 1(b). This
is supported by FE simulations, allowing us to eliminate the
radial term of (1) in the NW. The steady-state solution can be
approximated as quadratic in the heater along the z-axis, where
Q = ρTiN (I/A)2 , and as linear in the GST, where Q = 0.
The transient solution is approximated by steady-state solutions with an empirical parameter to account for the initial
heating and obtained through energy conservation arguments
as further described below. By observing FE model results,
we also model the Cu interconnect and top TiN regions to
be isothermal (T = 0) in this situation. The temperature distribution is then given in (2) shown at the bottom of the
page, where ZH is the peak temperature location in the heater,
hot
(t) = TH (0, −ZH , t) is the peak temperature, and T1 (t) =
TH
TH (0, 0+ , t) and T2 (t) = TH (0, L−
G , t) are temperatures in the
GST at its bottom and top interfaces, respectively. The exponential decay into the SiO2 (r > R) is found to be a good analytic
description of the temperature evolution by comparison with

transient temperature profiles are obtained from the heat diffusion equation with cylindrical symmetry
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where T is the temperature rise above ambient. The heat
generation rate per unit volume Q = ρ(I/A)2 is limited to
the NW region (GST and TiN), where A = πR2 is the crosssectional area. Heating in the three segment regions can be
analyzed separately and then superposed to form the overall
temperature distribution. In parallel, we set up a finite-element
(FE) simulation of the same test structure to be used for benchmarking and comparison [Fig. 2(a)]. The 3-D heat diffusion
equation is reduced to 2-D [see (1)] by taking advantage of
the cylindrical symmetry, and the r = 0 axis is assumed to
be adiabatic. Thermal boundaries are approximated using a
very thin layer of material with effective thermal conductivity
tB /RB , where tB is the thickness of the boundary layer and
RB is the desired TBR. Boundaries sufficiently far away from
the nanowire (i.e., GST and TiN) regions in the ±z- and
r-directions are assumed to be isothermal.
First, we consider the case of heating in the bottom TiN
heater alone (TH ) and note that heating in the top TiN segment
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FE simulations [Fig. 2(d)]. Additional relationships are obtained by balancing the heat flux across material boundaries
∂TH (0, z, t)
TH (0, 0− , t) − TH (0, 0+ , t)
= −kTiN
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∂z
RB
= −kGST
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where RB represents the TBR at boundaries and the parameter
a (0 < a < 1) accounts for the spreading lateral heat loss from
the GST segment to top Cu interconnect through the oxide,
since the top TiN is generally a thin barrier layer between the
GST and top Cu regions. We empirically relate this parameter to
the aspect ratio (AR) of the NW cell, i.e., AR = (LT + LG +
LH )/D, and a value a = 1.4/AR is found to provide the best
agreement with FE simulations. This parameter depends on the
AR because for higher ARs, the thermal energy stored in the
GST will have more tendency to diffuse laterally, leading to an
effectively lower TBR at the top.
From (2)–(5), the location of the peak temperature in the
heater (ZH ) can be obtained, and TH (r, z, t) is expressed as
hot
(t) alone. Furthermore, energy conservation
a function of TH
must be satisfied as the heat diffuses out at any arbitrary
transient time t
I2

denotes energy lost from GST to the top Cu interconnect, and
diﬀ
(t) denotes energy similarly lost from heater to the bottom
EBCu
Cu interconnect. These terms are more significant when the
temperature distribution in the cell reaches steady state. The
total energy lost from the NW can be calculated by integrating
over time at interfaces
⎧
L
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(t)) is obtained analytically
TH as a function of time (TH
by substituting (7) into (6). The time- and position-dependent
temperature distribution TH (r, z, t) can be derived from the calhot
(t) above, together with the relationship between
culated TH
hot
(t), which is obtained from (2)–(5).
TH (r, z, t) and TH
The next step considers heating in the GST region alone.
Similar to the earlier discussion, the axial temperature is
quadratic in the heated GST region, where Q = ρGST (I/A)2 ,
and is linear in the unheated TiN regions. Closely following
the analysis of (2) for the temperature distribution from TiN
heating, the axial distribution from GST heating can be expressed as in (8) shown at the bottom of the page, where ZG is
the peak temperature location in GST, TGhot (t) = TG (0, ZG , t),
and T3 (t) = TG (0, 0+ , t). Again, the heat flux across GST–TiN
interfaces must be balanced. By using analysis that is similar to
(3) and (4), we balance the heat flux at boundaries

TG (0, 0− , t) − TG (0, 0+ , t)
∂TG (0, z, t)
= −kTiN
GST−TiN
∂z
RB
= −kGST

ρTiN LH
diﬀ
diﬀ
diﬀ
t = EG (t)+bEH (t)+Eox
(t)+ETCu
(t)+EBCu
(t)
A
(6)

where the first two terms on the right-hand side account for
the energy heating up the GST and TiN heater regions, respecL
tively. EG (t) = A 0 G CGST TH (0, z, t)dz and EH (t) can be
calculated in a similar manner. These terms are significant at
transient time scales, requiring a parameter b (1 < b < 2) to
account for the initial heating in TiN. We find that b = 1.5 provides the best match with FE simulations and use it throughout
the rest of our modeled results. The latter three terms in (6)
diﬀ
(t) is the
account for the energy diffused outside the NW: Eox
diﬀ
energy lost through the entire NW–oxide interface, ETCu
(t)
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Solving (9) and (10) with the TG specified in (8), we can
obtain ZG and explicitly express TG (0, z, t) in terms of TGhot (t).
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Fig. 3. Programming current dependence on geometric properties. (a) Varying diameter, with LNW fixed for solid curves, where cell resistance is proportional
to 1/D2 . Aspect ratio (AR = LNW /D) is fixed for dashed curves, where cell resistance is proportional to 1/D. Blue, red, and black dashed curves are for
AR = 3, 4, 5, respectively. Related experimental data is taken from [12] (diamonds) and [19] (squares). (Inset) Diameter dependence of programming power. The
analytical results agree with FE simulations within 10% for diameters down to 10 nm if fixed AR is assumed, and greater than 20 nm otherwise. (b) Varying heater
length, for two diameters. LH “knees” are indicated by vertical dashed lines (see text). (c) Varying heater–GST ratio reveals an optimum programming current.

However, we cannot assume a uniform lateral temperature
within the GST, as its thermal conductivity is comparable to
the surrounding SiO2 . We model the radial temperature as a
quadratic, which is a good approximation to the heat diffusion
equation [see (1)] with an internal heat source
TG (r, z, t)
⎧
⎨ TG (0, z, t)+(TG (R− , z, t)−TG (0, z, t))
=
2
2
R
⎩ TG (R+ , z, t)exp − r −R
,
4α
t r


r 2
R

,

r<R

III. SENSITIVITY ANALYSIS AND DISCUSSION

r>R

Based on the efficient thermal model described earlier, the
minimum RESET current for the GST layer to reach melting temperature (ΔT ∼ 600 K) can be obtained by providing
cell geometry parameters, material properties, and TBRs as in
Fig. 1. The results are collected and shown in Fig. 3 for typical
ranges of cell geometry and material properties. Once again,
we have compared these results against FE simulations, finding
agreement within 10%.
Fig. 3(a) shows the expected correlation between NW diameter and programming current. Solid lines show the case when
the total cell length (LNW = LT + LG + LH ) is fixed, while
dashed lines show the case when the AR of cell segments is
fixed, but the total NW length is varied. Stronger dependence
is observed when LNW is fixed. For the total programming
power shown in the inset, this stronger dependence is cancelled
by the inverse relationship with the electrical cell resistance,
and all curves fall roughly on the same trend. Although our
default material parameter set is somewhat generic, and not
fit to any particular test structure, the confined GST cells of
[12] and [19] demonstrate a very similar trend to our model
when LNW is fixed [symbols in Fig. 3(a)]. Additional data for
GST NWs found in [14] also reveal a similar scaling trend,
although a direct comparison with our model is more difficult
due to the horizontal geometry and the much lower air/vacuum
surrounding thermal conductance in such experiments. Our
model is specifically focused on the vertical NW structure,
which represents the more technologically relevant scenario
(higher bit density). In practice, as with any physically based
compact model, the exact material parameters must be treated
as adjustable inputs and fit to the empirical data to account for
specific materials and process conditions.
Extending the bottom heater length LH can reduce the
programming current as more energy is transferred to (and kept
in) the GST layer. However, this is only effective up to a point,

SiO2

(11)
with the boundary condition at r = R
TG (R− , z, t) − TG (R+ , z, t)
SiO −GST/TiN
RB 2

= −kGST/TiN
= −kSiO2

∂TG
∂r

∂TG
∂r

r=R−

.

(12)

r=R+

By using the results from (8)–(10) and substituting (11) into
(12), we can express TG (r, z, t) in terms of TGhot (t). TGhot (t)
is then explicitly solved by taking advantage of the energy
conservation law
I2

ρGST LG
EH (t) + ET (t)
diﬀ
t = EG (t) +
+ cEox
(t)
A
b
diﬀ
diﬀ
+ ETCu
(t) + EBCu
(t)

better than 10% at the key temperature points down to 10-nm
NW diameters and correctly reproduces the temperature drops
at boundaries due to TBR. In addition, the simulation time is
reduced by approximately two orders of magnitude, enabling
a novel and robust approach toward circuit simulation of the
entire PCM memory arrays.

(13)

where b accounts for the initial heating in TiN as in (6) and c =
5LG /(LT + LH − 0.25LG ) is an empirical parameter which
accounts for spreading lateral heat loss from the NW to the Cu
interconnect through the oxide.
The total temperature solution is finally obtained by superposing the heating from the bottom electrode TH (r, z, t),
top electrode TT (r, z, t), and GST TG (r, z, t), such that the
overall temperature distribution is ΔT (r, z, t) = TH (r, z, t) +
TT (r, z, t) + TG (r, z, t). The results of this model with default
parameters [Fig. 1(b)] are shown in Fig. 2 and compared with
comprehensive FE simulations. We note that the analytic model
provides the correct temperature dependence in both temporal
and spatial variations. The agreement with FE simulations is
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IV. CONCLUSION

Fig. 4. Dependence of programming current on material properties, spanning
typical ranges. Geometric parameters are R = 20 nm, LT = LG = 20 nm,
and LH = 100 nm. Solid lines represent compact model results, symbols
are obtained from FE simulations (good agreement is found throughout). The
inset shows dependence of programming current on TBR and GST resistivity,
revealing the strongest dependence on the former.

as shown in Fig. 3(b). Extending LH beyond the “knee” indicated by vertical dashes simply causes additional energy to
diffuse out of the NW without efficiently heating the GST
layer. Fig. 3(c) shows the interesting result of varying only
the heater–GST ratio, with the top electrode length fixed at
LT = 10 nm. A minimum programming current is observed
when the ratio LH /LG ≈ 2 − 4. High ratio enables the “knee”
effect as described above, while low ratio decreases the cell
resistance due to the fact that ρGST < ρTiN . Thus, an optimum
heater-GST aspect ratio is expected for a given top electrode
thickness, cell diameter, and material property set.
Before concluding, we explore the model sensitivity to material and interface thermal properties in Fig. 4. These may be
varied, in practice, by altering GST stoichiometry [16], replacing SiO2 with other insulators (such as SiNx ), or changing
the heater material (here, TiN). As shown, lowering thermal
conductivity of all materials typically leads to better thermal confinement and reduced programming current. Excellent
agreement is found between our compact model results (lines)
and FE simulations (diamonds). Variations in temperature may
also affect thermal properties, although this is more pronounced
in crystalline materials below their Debye temperature (e.g.,
silicon, SiC, AlN, or carbon nanotubes) [17]. This is not
the typical case for PCM, with amorphous or polycrystalline
materials operating in the range of 300 K–900 K, typically
above their Debye temperatures. Finally, we examine the role
of TBR and GST resistivity in the Fig. 4 inset. The TBR for
most materials is expected to fall approximately in the range of
0−100 m2 K/GW [8]. Higher TBR is desirable in PCM, giving
better thermal confinement and lower programming current.
We note that the model predicts by far the most significant
impact from increased TBR (up to 3× lower RESET current)
and smaller NW diameter [Fig. 3(a)] versus changes in other
material parameters within their reasonably expected ranges.
However, a reduced programming current is also obtained when
the GST resistivity is increased, where we have correlated the
electron contribution to GST thermal conductivity through the
Wiedemann–Franz relation [17] as kGST = k0 + L0 T /ρGST ,
where k0 is the lattice contribution, T is the absolute temperature, and L0 = 2.44 × 10−8 W · Ω · K−2 is the Lorenz
number [18].

In summary, we have developed an efficient compact thermal
model to analyze the temperature distribution in segmented NW
PCM cells, in both transient and steady-state time scales. The
model is derived by solving the heat diffusion equation, including effects of TBR, and taking advantage of the cylindrical cell
symmetry. The results agree with FE simulations within 10%
error, at up to two orders of magnitude reduced computational
time. The analytic solution offers physical insights into energy
diffusion across materials and boundaries and allows us to
quickly optimize the programming current with respect to cell
geometry, material properties, and TBR. The model proposed
here will also enable the efficient treatment of PCM cell arrays
within circuit simulators such as SPICE.
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