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Abstract: The crystallization characteristics of a ubiquitous T-shaped phase change memory (PCM) cell, under SET current pulse
and very small disturb current pulse, have been investigated by finite element modelling. As analyzed in this paper, the crystalliz-
ation region under SET current pulse presents first on the corner of the bottom electron contact (BEC) and then promptly forms a
filament shunting down the amorphous phase to achieve the low-resistance state, whereas the tiny disturb current pulse acceler-
ates crystallization at the axis of symmetry in the phase change material. According to the different crystallization paths, a new
structure of phase change material layer is proposed to improve the data retention for PCM without impeding SET operation.
This structure only requires one or two additional process steps to dope nitrogen element in the center region of phase change
material layer to increase the crystallization temperature in this confined region. The electrical-thermal characteristics of PCM
cells with incremental doped radius have been analyzed and the best performance is presented when the doped radius is equal
to the radius of the BEC.
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1.  Introduction

Phase  change  memory  (PCM)  has  emerged  as  a  prom-
ising  candidate  for  future  non-volatile  memory  (NVM)  thanks
its  low  power  consumption,  fast  operating  speed,  high  stor-
age  density  and  multi-bit  per  cell  (MLC)  storage  capability[1].
Phase change materials (typically Ge2Sb2Te5, GST) exhibit high
resistivity  contrast  between  the  crystalline  (low-resistance)
state and the amorphous (high-resistance) state, which can be
exploited  to  store  information.  Applying  a  strong  and  short
pulse, which is called a RESET pulse, can operate the PCM cell in-
to the high-resistance state (“1”), reversibly, the SET pulse with
moderate amplitude and long width would transport the PCM
cell to the low-resistance state (“0”)[2].

The  material-transport-related  switching  of  PCM  is  non-
volatile, even when not powered; however, it also has several re-
liability issues[3, 4].  Because the amorphous GST can crystallize
spontaneously, the high-resistance data loss seriously restricts
the data retention capacity of the PCM cell.  The small  disturb
current that exists in the circuit could promote this crystalliza-
tion  process,  according  to  field-induced  crystallization
theory[5–7]. Infrequent investigations mean that the crystalliza-
tion process under small current pulses remains elusive. Finite
element analysis software COMSOL Multiphysics, which is an ef-
fective tool to reproduce physical phenomena, is used to simu-

late crystallization process in this paper. Based on the simula-
tion results, a new structure of phase change material layer is
proposed,  which would increase the crystallization temperat-
ure  of  the  center  region  in  phase  change  material  layer
through doping nitrogen element.  The electrical  and thermal
characteristics  of  PCM  cells  with  incremental  doped  radius
have  been  analyzed  and  the  best  performance  is  presented
when the doped radius is equal to the radius of the bottom elec-
tric contact.

2.  Finite element model

A numerical simulation model of a T-shaped PCM cell has
been established with rotational symmetry, as shown in Fig. 1,
consisting  of  sandwich  structure  as  W/TiN/GST/TiN/W.  SiO2
was chosen as the isolation material surrounding the electronic
contact  and  phase  change  layer.  In  this  paper,  the  material
and  size  parameters  of  each  layer  were  in  good  conformity
with the real PCM cell[8].

The  Joule  heating  and  electric  current  modules  were
coupled  such  that  the  current  continuity  (1)  and  heat  trans-
port (2) equations could be solved self-consistently[9].
 

∇ · J = ∇ · (σ∇V) = 0, (1)
 

∂(ρCT )
∂t

= Q+∇ · (k∇T ), (2)

where J is the electrical current density, σ is the electric con-
ductivity, V is the electric potential, ρ is the density, T is the
temperature, C is the heat capacity, k is the thermal conductiv-
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ity,  t  is  the time and Q is  the heat flux,  which could be ex-
pressed as
 

Q = σE2 = σ|∇V |2. (3)

Table  1[10] gives  the  electrical  and  thermal  properties  of
the  materials  used in  the  finite  element  model.  In  this  paper,
the temporal or spatial dependence of material’s thermal and
electrical conductivity is only applied in the phase change lay-
er. This crucial region needs to refine meshes (see Fig. 1) for a
more  accurate  calculation.  The  exterior  boundary  temperat-
ure is taken to room temperature (298 K) and the interior bound-
aries are assumed to be in thermal continuity and perfect Ohm-
ic contact.

For  the RESET operation,  the initial  crystalline PCM cell  is
heated  above  melting  temperature  (893  K)  and  is  then
quenched  rapidly  (faster  than  the  crystallization  speed)  to
switch  the  molten  meshes  into  amorphous  phase.  Based  on
the  calculations  of  previous  step,  the  SET  current  pulse  and
small disturb current pulse are applied to the PCM cell to simu-
late the crystallization process. Unfortunately, the mechanism
of  crystallization  is  still  controversial.  Among  the  existing  de-
scriptions of crystallization kinetics[11–13], the Johnson-Mehl-Av-
rami-Kologoromov  (JMAK)  equation  is  chosen  in  this  paper.
Thanks to this theory, the simulation results have proved to be
more consistent with the experiment data[14]. The JMAK equa-
tion  (4)  allows  calculation  of  the  volume  fraction  of  crystal-
lized material in terms of crystal nucleation and growth rates.
 

x(t) = 1− exp
(−Ktn

)
, (4)

where t is time, n is the Avrami coefficient, and K is an effect-
ive rate constant. Theoretically, the Avrami coefficient should
be an integer providing information on the dimensionality of
the crystallization process. The effective rate constant describ-
ing the nucleation and growth rates is generally given by an
Arrhenius equation
 

K(T ) = vexp
(
− EA

kBT

)
, (5)

where v is the frequency factor, EA is the activation energy, T
is the absolute temperature, and kB is the Boltzmann const-
ant. The correlation coefficients of the JMAK equation are listed
in Table 2[15].

3.  Simulation results and discussion

The RESET current pulse of 2.6 mA and 300 ns is applied to
the initial crystallization PCM cell and heating a hemispherical
phase  change  region  switches  it  into  the  amorphous  phase.
The minimum SET current pulse can be calculated based on the
JMAK  equation  which  would  crystallize  the  amorphous  dom-
ain once it has reached the crystallization temperature (653 K).
By combining Eqs. (2), (6) and (7), the minimum SET current is
calculated as 0.335 mA. To manifest the crystallization process
better,  the  SET  current  amplitude  is  set  to  0.5  mA.  Since  the
amorphous region presents as hemispherical, the resistivity of
solving  domain  is  growing  towards  the  symmetry  axis.  This
means that Joule heat would diffuse from the edge of the bot-
tom electric  contact  (BEC),  where the current  density  conver-
gences at the very start due to edge effect, to the direction of
symmetry  axis.  Furthermore,  when the edge effect  of  current
density  could  be  negligible  under  the  small  disturb  current
pulse,  the  symmetry  axis  of  the  amorphous  region  is  most
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Fig. 1. (Color online) Geometries and schematic cross section of the T-
shaped PCM cell.

Table 1.   Physical properties of materials used in numerical simulation.

Parameter Electrical conductivity σ (Ω–1∙m–1) Density ρ (kg/m3) Thermal conductivity k (W/(m∙K)) Heatcapacity Cp (J/(kg∙K))

W 1.75 × 107 19 300 178 132
TiN contactor 1 × 106 5400 13 784
GST crystalline 1 × 105 6200 0.5 202
GST amorphous 3 6200 0.5 202
TiN (BEC) 1 × 105 5400 0.44 784
SiO2 1 × 10−14 2330 1.4 730

Table 2.   The correlation coefficients of JMAK equation used in nu-
merical simulation.

Parameter EA v n kB

Value 2 × 1.6 × 10−19 1022 1 1.38 × 10−23
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likely to crystallize, because the larger resistivity would gener-
ate  more  Joule  heat  under  the  almost  same  current  density.
This process requires a sufficiently small current. Therefore, in
this  work,  0.01 mA is  chosen as  the amplitude of  disturb cur-
rent pulse.
 

Q = J ·E, (6)
 

J = σE. (7)

After the RESET operation on the PCM cell,  the SET pulse
of  0.5  mA  and  1 μs  and  the  small  disturb  current  pulse  of
0.01 mA and 1 μs are applied respectively. The corresponding
crystallization conditions are displayed in Fig. 2. The crystalliza-
tion path (marked by white circle) shunting down the amorph-
ous  region  (dark  blue)  appears  around  the  corner  of  BEC  un-

der  SET  pulse,  as  shown  in Fig.  2(a),  which  successfully
switches the PCM cell  from 1.268 MΩ to 755 Ω. Fig.  2(c) illus-
trates  the  temperature  and  current  density  distributions  un-
der SET current pulse. By consulting the color map at the bot-
tom of  figure  it  can be seen that  the region with  the highest
temperature occurs at the region where the most intensive cur-
rent density (red lines) assembles. Thus, the crystallization pro-
cess under SET current could be re-performed as:  the current
density converged at the edge of the BEC is strong enough to
crystallize  the  amorphous  domain,  and  these  crystallized
meshes own the conductivity four orders of magnitude larger
than  the  surrounding  amorphous  GST.  Consequently,  they
would attract more current to continue the crystallization pro-
cess. In the end, the crystallization path is located at the corner
of BEC. Fig. 2(e) verifies this interpretation. The minute the SET
current is applied, the temperature at the edge of BEC (r-axis co-
ordinate is 40 nm) rises to 741 K (see blue line in Fig. 2(e)). The
temperature of this point always maintains the highest during
SET  current  duration,  accompanied  by  heat  diffusion  to  sym-
metry axis, as shown in green and red lines. The existing heat
diffusion among amorphous domain may account for the heat
accumulation at the symmetry axis, resulting in crystallization
under small disturb current pulse, see Fig. 2(b), which is detri-
mental to the data retention of high-resistance state. The tem-
perature distributions in Fig. 2(d) clearly dictate the heat aggreg-
ation  at  the  symmetry  axis  under  the  small  disturb  current
pulse. Temperature evolution recurs in Fig. 2(f). Like the SET op-
eration,  the  temperature  surges  firstly  at  the  edge  of  BEC.
However, this energy is insufficient to drive crystallization. Sub-
sequently, the heat diffuses outwards and the temperature at
symmetry axis increases. Note that the crystallization ratio is a
function of temperature and time. Thus the crystallization beha-
vior  would  happen  under  a  small  disturb  current  though  the
temperature  in  entire  phase  change  layer  could  not  achieve
the crystallization temperature.

To  further  understand  the  temperature  changes  during
the current pulses, Fig. 3 provides the temperature profiles of
selective points (360, 0),  (360, 20) and (360, 40) (unit:  nm) un-
der  these  two  types  of  current  pulses.  The  temperatures  un-
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Fig. 2. (Color online) The crystalline domain (light color) among amorphous phase (dark blue) under current pulses of (a) 0.5 mA/1 μs and (b)
0.01 mA/1 μs; the temperature distributions and current density distributions under current pulses of (c) 0.5 mA/1 μs and (d) 0.01 mA/1 μs; the
temperature values along horizontal direction (r-axis) under current pulses of (e) 0.5 mA/1 μs and (f) 0.01 mA/1 μs, the time points vary from 1 ns
(blue line) to 1 μs (red line), the median time point is 10 ns (green line).
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Fig. 3. (Color online) Temperature profiles of selective points along hori-
zontal  direction (r-axis)  during current  pulse:  lines  are  presented un-
der current amplitude of 0.5 mA whereas solid symbols are presented
under current amplitude of 0.01 mA; points at coordinate (z = 360 nm,
r = 0 nm) are expressed in black, points at coordinate (z = 360 nm, r =
20 nm) are expressed in blue, and points at coordinate (z = 360 nm, r
= 40 nm) are expressed in pink. To facilitate the observation and com-
parison, the figure zooms in 60 ns. The entire temperature profiles are
showed in insert figure.
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der 0.5 mA SET current pulse end in higher levels than the tem-
peratures under 0.01 mA disturb current pulse. The temperat-
ure  increases  along  horizontal  direction  under  SET  current
pulse,  for  the  current  flows  through  crystallization  path  loc-
ated at the corner of BEC. While the temperature changes un-
der small disturb current pulse show opposite trend. The tem-
peratures of these three points experience peaks following the
application of 0.01 mA small current. After about 10 ns, the tem-
peratures  tend  to  be  stable,  exhibiting  the  trend  of  decay
along horizontal direction.

4.  Incremental N-doped radius

The  distinguished  tendency  of  temperature  changes  un-
der these two current pulses could lead to different crystalliza-
tion regions. Based on the disparate crystallization path, a new
structure for phase change layer is proposed. As shown in Fig. 4,
the nitrogen (N) element is doped in the symmetry axis of GST,
ascending  the  crystallization  temperature  of  doped  area  to
720 K. The other key parameters of N-doped GST[10] are listed
in Table 3.  This new structure could ensure the crystallization
proceed  normally  under  SET  current.  At  the  same  time,  it
could improve data retention of PCM cells by impeding the crys-
tallization under small disturb current pulse.

Fig.  5 offers  the  temperature  contours  with  incremental
doped radius after RESET operation by RESET current pulse of
1.7  mA  and  300  ns.  The  PCM  cell  with  traditional  structure
could not achieve enough amorphous volume to cover up the
BEC, whereas the PCM cells with new structure are capable of
forming a mushroom amorphous region in the phase change
layer  to  reach  high-resistance  state.  Furthermore,  the  hot-
spots have a higher temperature and the amorphous volumes
increase  with  incremental  doped  radius.  The  amorphous  N-
doped  GST  possesses  larger  resistivity  thus  generates  more
Joule  heat  to  melt  phase  change  materials,  which  could  ac-
count  for  such superior  property  for  new structure.  However,
the hotspots located in BEC would lower the heat efficiency of
RESET  operation.  The  programming  curve  (R–I)  depicted  in
Fig. 6 illustrates that PCM cells with incremental doped radius
exhibit more excellent performance, such as smaller RESET cur-
rent, larger margin between two resistance states, and so on.
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PCM cell with incremental doped radius.
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Fig. 5. (Color online) The temperature distributions of RESET operation for the PCM cells with incremental doped radius.
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Fig. 6. (Color online) Variations of resistance as a function of program-
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cremental doped radius.

Table 3.   Physical properties of N doped GST used in numerical simulation.

Prarmeter Electrical conductivity σ (Ω−1∙m−1) Density ρ (kg/m3) Thermal conductivity k (W/(m∙K)) Heatcapacity Cp (J/(kg∙K))

N-GST crystalline 2.3 × 104 6200 0.5 202
N-GST amorphous 0.1 6200 0.5 202
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Meanwhile,  the  SET  operation  is  unaffected  by  the  PCM
cells  with  incremental  doped  radius,  as  shown  in Fig.  7,  be-
cause  the  SET  current  of  0.5  mA  and  1 μs  could  perfectly
switch  the  cells  to  about  700  Ω.  Note  that  this  resistance  is
much smaller than the experimental value, because the simula-
tion model in this paper optimizes the cell’s structure defects.

The  temperature  and  current  density  distributions  under

small disturb current pulse of 0.01 mA and 1 μs are presented
in Figs.  8(a), 8(c), 8(e) and 8(g),  to  verify  that  new  structure
could  play  a  role  in  improving  data  retention.  As  the  results
show, the positions of hotspots no longer appear at symmetry
axis but are located outwards of the doped region with a max-
imum  temperature  (630  K)  that  is  lower  than  the  crystalliza-
tion  temperature.  The  resistances  obtained  are  150,  867,  844
and 777 kΩ for  doped radius r = 10, r = 20, r = 30 and r = 40
(unit: nm) respectively. Compared with the result 82.9 kΩ from
traditional PCM cell under current of 0.01 mA and 1 μs, all the
resistances from new structures are above 100 kΩ—the bound-
ary discriminates high-resistance state and low-resistance state.
Extending the disturb current duration to 10 μs, the temperat-
ure  and  current  density  distributions  are  shown  in Figs.  8(b),
8(d), 8(f) and 8(h). The resistances after current application are
132, 271, 197 and 901 kΩ corresponding doped radius r = 10,
r = 20, r = 30 and r = 40 (unit: nm) respectively. Comparing the
two images up and down, the positions of hotspots are barely
changed, while the maximum temperature descends to 360 K.
The resistances significantly decrease because the cumulative
time  augments  crystallization  ratio.  An  exception  appears
when  doped  radius  reaches  40  nm  that  the  resistance  does
not  reduce but  ascend,  which might  involve the degradation
process  of  nuclei  according  to  classic  nucleation  theory.  Fur-
ther analysis for the heat changes versus time are presented in
Fig. 9. The point (z = 380 nm, r = 0 nm) is selected to represent
the temperature profile at symmetry axis. With doped volume
increases, the heat decreases. The resistivity of amorphous N-
doped  GST  is  one  order  of  magnitude  larger  than  the  pure
amorphous  GST,  which  would  cause  the  current  density  dis-
tances itself from the symmetry axis. And this trendy basically
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Fig. 7. (Color online) The temperature distributions and current density distributions of SET operation for the PCM cell with incremental doped
radius.
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Fig. 8. (Color online) The temperature distributions and current density distributions at electrical pulse of 0.01 mA and 1 μs of the PCM cells with
different radius of doped regions: (a) r = 10 nm, (c) r = 20 nm, (e) r = 30 nm and (g) r = 40 nm. The results after increasing current pulse width to
10 μs, (b), (d), (f) and (h) correspond to (a), (c), (e) and (g) respectively.

 

650

600

500

550

400

450

350

300

1 10 100

Time (ns)

Te
m

p
e

ra
tu

re
 (

K
)

1000

10 nm/1 μs
10 nm/10 μs
20 nm/1 μs
20 nm/10 μs
30 nm/1 μs
30 nm/10 μs
40 nm/1 μs
40 nm/10 μs

Fig.  9.  (Color  online)  Temperature  profiles  of  the  selective  point  (z =
380 nm, r = 0 nm) during current pulse: lines are presented under cur-
rent duration of 1 μs whereas solid symbols are presented under cur-
rent duration of 10 μs;  the temperature changes of doped radius r =
10 nm are expressed in black, the temperature changes of doped radi-
us r = 10 nm are expressed in blue,  and the temperature changes of
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remains valid with enlarged current duration, except that tem-
perature  generated in  PCM cell  with  doped radius r =  40  nm
grows gradually,  which could be interpreted as a  low current
produces  a  tremendous  heat  in  so  large  an  amorphous  do-
main.

Based  on  these  simulation  results,  the  PCM  cell  with
doped radius r = 40 nm exerts a better performance. It could ef-
fectively  reduce  RESET  current  to  1.3  mA,  and  widen  resist-
ance  window  nearly  three  times  more  than  traditional  PCM
cell. It also presents outstanding performance in terms of resist-
ing small current interference existed in circuit because the res-
istance under 0.01 mA current pulse only decreases to 777 kΩ,
which is far more than failure resistance 100 kΩ. The increased
resistance under prolonged current duration illustrates that it
could be used to promote the PCM cell’s data retention. Note
that  the  doped  radius  exceeding  the  size  of  BEC  is  not  men-
tioned in this work because they potentially influence SET pro-
cess in real work.

5.  Conclusion

The  crystallization  characteristics  of  a  T-shaped  PCM  cell
based  on  typical  chalcogenide  GST,  under  SET  current  pulse
(0.5 mA) and very small  disturb current pulse (0.01 mA),  have
been  investigated  by  finite  element  modelling.  According  to
the distributions of temperature and current density, the crystal-
lization  region  under  SET  current  pulse  presents  first  at  the
edge  of  the  BEC.  It  then  promptly  forms  a  filament  shunting
down  the  amorphous  phase  to  achieve  the  low-resistance
state, whereas the tiny disturb current pulse accelerates crystal-
lization at the symmetry axis in the phase change material. Con-
sidering  these  different  crystallization  paths,  a  new  structure
of  phase  change  material  layer,  configured  by  doping  N  ele-
ment into pure GST in confined region, is proposed to hinder
the  crystallization  behavior  under  small  disturb  current  pulse
while ensuring a normal crystallization process under SET cur-
rent pulse. This new structure is designed to improve the data
retention for PCM cell by increasing the crystallization temperat-
ure to 720 K for the symmetry axis area, where it is filled with
N-doped  GST.  The  electrical-thermal  characteristics  of  incre-
mental doped radius, from 10 to 40 nm, have been analyzed. It
can  be  concluded  that  the  PCM  cell  with  doped  radius r =
40  nm  thas  a  better  performance,  such  as  smaller  RESET  cur-
rent 1.3 mA, wider window between high resistance of 3.2 MΩ
and low resistance of 750 Ω, and better anti-disturb ability con-
cerning small current pulse.
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