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Subthreshold Electron Transport Properties of
Ultrascaled Phase Change Memory

Jie Liu, Xu Xu, and Manjeri P. Anantram

Abstract—This letter investigates the subthreshold electron
transport properties of ultrascaled phase change material (PCM)
GeTe, which is sandwiched by TiN electrodes, by using ab
initio molecular dynamics, density functional theory, and Green’s
function. Our purely ab initio simulations reproduce the mea-
sured current-voltage curve characteristics of crystalline (c-) and
amorphous (a-) PCM. The ON/OFF ratio and the underlying elec-
tron transport mechanism are explained. The electron transport
properties of ultrascaled c-PCM are dominated by metal-induced
gap states, and the measured linear and exponential shapes of
the subthreshold current-voltage curve of ultrascaled a-PCM are
a consequence of both the bias window enlarging and the bias-
induced change of transmission.

Index Terms—Phase change memory, device scaling, ab initio
molecular dynamics, density functional theory, Green’s function.

I. INTRODUCTION

HE phase change memory is promising to become the

mainstream nonvolatile data storage technology, due to
its fast speed, low energy consumption, and superb scalability
[1]-[11]. The state-of-art PCM scaling experiments have found
that the PCM devices still can operate stably with about two
orders of magnitude ON/OFF ratio, even when they are scaled
to 6 nm [6]. The superb scalability of PCM is particularly
useful to enable ultra-dense data storage solutions. Actually,
the ultimate scalability of PCM technology largely hinges on
nano-scale electron transport properties [1]. However, though
the electron transport properties of bulk PCM have been well
studied [12]-[17], those of the ultra-scaled PCM nanostruc-
tures (sub-10 nm) are still poorly understood. It is important to
study them, in order to better understand the underlying device
physics and to improve ultra-dense PCM device design. While
the equilibrium (bias v=0) electron transport properties have
been studied in our previous work [1], here we simulate the
electron transport properties of the ultra-scaled a-GeTe and
c-GeTe at finite biases.

II. SIMULATION MODEL AND ALGORITHM

In this letter, we study binary PCM GeTe, instead of the
most popular ternary Ge,SbyTes, since binary PCM has better
scalability [8], [9]. Here, we focus on the sub-threshold bias
region, as the threshold switching possibly involves local
crystallization, which is much more difficult to model. The
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Fig. 1. Atomistic scale electron transport simulation models

(Lx=Ly~1.2 nm, and L;~6.0 nm), which are created using ab initio
simulations [1].

ab initio simulations are used to create the models shown
in Fig. 1. The ¢-GeTe model is obtained by relaxing the
measured lattice structure [18] using conjugate gradient (CG).
The melt-quench AIMD simulations are used to obtain the
a-GeTe model. The sandwich models (Fig. 1) are created by
relaxing the atoms near the TiN/GeTe interfaces using CG.
DFT simulations are used to obtain the Hamiltonian (H) and
overlap (S) matrices, which contain ab initio description of the
electronic structure. The AIMD, CG, and DFT simulations are
performed using the SIESTA package [19]. The simulations
use a single realization of the amorphous structure. Future
work that accounts for sample-to-sample variation is an impor-
tant direction. Further details of simulation algorithms and
model validation can be found in our prior work [1], [20],
and [21].
When a bias v is applied, the current density

400
Je = 2qe/HLoLy) / deT (fs — fo) )

is computed using GF, where # is the reduced Planck constant;
ge 1s the elementary charge; € is the electron energys;

T =Tr [rsGerG”] )

is the transmission; I's/p is the source/drain broadening
matrix;

G =(ES—H-AH-Xs—3p)! 3)

is retarded Green’s function; Xg/p is source/drain self energy;
AHy, & (¢y + ¢v)S,0/2 is to account for the approximately
linear potential variation between source and drain; ¢, is
potential at the atom to which the orbital x belongs;

fop = (1 + ele—er£0/2/ knToy ! @

is the Fermi function of source/drain; e¢g is the Fermi level;
kp is the Boltzmann constant; and Ty is the room temperature.

In Eq. (1-3), the Zener tunneling and the elastic scattering of
electrons are naturally included; and the inelastic scattering of
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Fig. 2. The current-voltage curve (a), conductance (b), and transmission coefficients when v=0 (c) of ultra-scaled PCM. Here, J¢ is current density; v is

bias; ¢ is electron energy; ef is Fermi level; T is transmission; C4/C- is intra-bandgap donor/acceptor-like defect states; VB is valence band; and CB is

conduction band.
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Fig. 3. Bias-dependent energy-resolved electron transport properties of ultra-scaled PCM. (a)—(b): low-bias transport properties of a-GeTe (red solid line,

blue dashed line, black dash-dot line mean that the bias is 0.0001 V, 0.001V, and 0.01 V, respectively); (c)—(d): large-bias transport properties of a-GeTe (red
solid line, blue dashed line, black dash-dot line mean that the bias is 0.05 V, 0.2 V, 0.4 V, respectively); (e)—(f): transport properties of c-GeTe. Here, fs /D is

Fermi function of source/drain; and other symbols are explained in Fig. 2.

electrons is ignored, which is justified since the channel length
of our interest here (L; =6 nm in Fig. 1) is much smaller than
the electron mean free path in PCM ( 10! nm [8], [10]).

III. SIMULATION RESULTS

The ab initio simulations (Fig. 2) reproduce the measured
linear (exponential) current-voltage curve shape of the a-GeTe
in sub-threshold low (large) bias region [6], [8]. The linear
shape of measured c-GeTe current-voltage curve is also repro-
duced [Fig. 2(b)]. When bias v is about 0.2 V (typical read
operation bias), the c-GeTe is about 10? times more conductive
than the a-GeTe [Fig. 2(b)]. The large conductance contrast
establishes an adequate ON/OFF ratio, which is indispensible
for ultra-scaled PCM devices to store data. It worth noting
that the simulated ON/OFF ratio (about 10?) agrees well with
the measured two orders of magnitude ON/OFF ratio of PCM
devices ultra-scaled to the same size [6].

The physical origin of the ON/OFF ratio of the ultra-scaled
PCM can be found in the transmission [Fig. 2(c)]. It can
be seen that the a-GeTe shows a bandgap near the Fermi
level, even when it is ultra-scaled to 6 nm. In contrast, the
c-GeTe scaled to the same size does not have any bandgap
and the transmission is very large near the Fermi level. To
better understand the underlying physics of the results shown
in Fig. 2, the bias-dependent and energy-resolved electron
transport properties are studied in Fig. 3, where T x(fs-fp)

as a function of € represents the contribution of the electrons
with energy € to the total current in units of a constant
2ge/hLxLy [Eq. (1)].

In the low bias region (when v is smaller than about
0.05 V), the transmission of a-GeTe is roughly independent
of bias [Fig. 3(a)]. The linear shape of the a-GeTe current-
voltage curve is merely caused by the energy-independent
linear increase of T x( fs- fp) as the bias increases [Fig. 3(b)].
This is just a manifestation of the bias window enlarging
described in the term fs-fp, which depends linearly on bias
when bias is small.

In the large bias region (when v is larger than about
0.05 V), the transmission of a-GeTe becomes bias-dependent
[Fig. 3(c)]. Also, as the bias increases, the dependence of
fs-fp on the bias becomes exponential at energies near the
intra-gap donor-like and acceptor-like defect states (Eq. (4)).
Therefore, the exponential shape of the a-GeTe current-voltage
curve is a consequence of both the bias window enlarging and
the bias-induced change of transmission [Fig. 3(d)].

By comparing Fig. 3(c) and (d) and Fig. 3(e) and (f), it can
be seen more clearly that, when the bias v is applied, the small
(large) transmission of the a-GeTe (c-GeTe) leads to small
(large) T x(fs-fp) near the Fermi level. Consequently, the
electrical conduction of the ultra-scaled a-GeTe is mainly due
to the electron transport via intra-gap donor-like and acceptor-
like defect states [Fig. 3(a)—(d)]. In sharp contrast, since the
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c-GeTe ultra-scaled to the same size has no bandgap, the elec-
trical conduction in c-GeTe is dominated by electron transport
near the Fermi level [Fig. 3(e) and (f)]. This distinctive funda-
mental transport mechanism difference is the physical origin
of the two orders of magnitude ON/OFF ratio shown in Fig. 2.

Since the bulk a-GeTe (c-GeTe) is a semiconductor with
about 0.8 (0.2) eV bandgap [8], it is interesting to understand
why the bandgap of a-GeTe (c-GeTe) exists (vanishes) in the
ultra-scaled nanostructures. This difference is caused by the
different behaviors of the metal induced gap states (MIGS)
in these two phases. It is well know that the MIGS penetrate
deeper into semiconductors with smaller bandgap. As a result,
while the MIGS exist only in the a-GeTe regions very close
to the metal electrodes, they penetrate all the way through the
c-GeTe, leading to large density of states and transmission
near the Fermi level [1].

Besides vanishing of c-GeTe bandgap, aggressive scaling
also changes the underlying electron transport mechanism
from inelastic/diffusive to largely elastic. In bulk PCM devices,
where the channel length is much larger than the electron
mean free path (measured to be about 10! nm [8], [10]) of
PCM, the electrons can encounter multiple inelastic scattering
events when they are transported from source to drain. This
is not only essential for the Poole-Frenkel model (inelastic
scattering helps electrons hop over the potential barriers),
but also indispensable for the Ohm’s law (multiple phase
incoherent scattering events is the underlying mechanism of
diffusive electron transport).

When PCM devices are ultra-scaled (say, to sub-10 nm), the
channel length becomes comparable to (or smaller than) the
electron mean free path. As a result, the inelastic scattering
probability is significantly reduced, and the transport becomes
largely elastic. It has been estimated that when PCM devices
are ultra-scaled to 6 nm, less than 4% of the electron energy
is lost via inelastic scattering [20], indicating that the electron
transport is largely elastic in the ultra-scaled PCM devices.

Interestingly, though the experimentally measured electron
transport properties of the ultra-scaled PCM resemble those
of bulk PCM, their underlying physical mechanisms are
different. While the linear (exponential) shape of the bulk
a-PCM current-voltage curve in sub-threshold small (large)
bias region is caused by the inelastic scattering of trapped
electrons (Poole-Frenkel law) [12]-[17], the similar shape
of the ultra-scaled a-PCM [Fig. 2(a) and (b)] is caused by
the elastic electron transport via intra-bandgap donor-like and
acceptor-like defect states [Fig. 3(a)—(d)]. While the linear
shape of the bulk ¢-PCM current-voltage curve stems from
diffusive electron transport due to various inelastic scatter-
ing processes (Ohm’s law), the similar shape of ultra-scaled
¢-PCM [Fig. 2(a) and (b)] stems from the elastic electron trans-
port near the Fermi level [Fig. 3(e) and (f)]. Though disguised
by phenomenological resemblance, these differences of under-
lying physics between ultra-scaled PCM and bulk PCM should
be appreciated, in order to understand the device physics and
to improve the design of ultra-scaled PCM devices.

IV. CONCLUSION

The sub-threshold electron transport properties of the ultra-
scaled PCM GeTe under non-zero bias are investigated using
ab initio simulations. The measured characteristics of current-
voltage curves of the ultra-scaled a-GeTe and c-GeTe are
reproduced and explained. It is found that the low-bias linear

region of the a-GeTe current-voltage curve originates from the
bias window enlarging; the large-bias exponential region of the
a-GeTe current-voltage curve is due to both the bias window
enlarging and the bias-induced change of the transmission;
and the linear shape of c-GeTe current-voltage curve is due
to the elastic electron transport near the Fermi level. It is
pointed out that the underlying electron transport mechanisms
of ultra-scaled PCM devices are totally different from its bulk
counterpart. The difference is relevant to better design and
further improve deeply scaled PCM devices.
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