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Phase change memory (PCM) has opportunities of various

applications on the premise of its high performance operations,

which are still to develop with innovations such as change of a

memorymaterial. In respects of high-speed and high-scalability

memory characteristics, d-phase Ge-doped SbTe (GeST)

materials stand as highly promising candidates. An overview

of the material and device characteristics of these materials

is presented primarily based on our recent experimental and

computational studies and with a particular regard to their

Sb-to-Te ratio (STR) dependence.
TEMimages of the d-phaseGeSTmicrostructures of varyingSTR

and a highly scaled PCM cell with a d-phase GeST of high STR.
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1 Introduction Phase change memory (PCM) based
on Ge2Sb2Te5 (GST) material has been commercialized
lately as NOR-replacements in mobile applications owing to
its superior performance in writing speed and endurance as
compared with NOR flash memory. Nevertheless, the GST-
based PCM falls much short of the incumbent main stream
memories, i.e. DRAM in speed and NAND in density and is
not obviously up to the often stated PCM potential of being
a universal memory. Meanwhile, PCM is considered as a
strong candidate for so-called storage class memory (SCM)
that is supposed to fill the performance gap in-between
DRAM and SSD by providing DRAM-like speed on a
SSD-like large storage capacity. At any rate, it seems evident
that various projected opportunities of PCM may not be
materialized unless significant-to-dramatic improvements
are made in speed and density, for which use of a phase
change material other than GST may be required.
As for speed of the GST-based PCM, a rather slow SET
programming speed (about 300 ns) is of a particular concern.
In this respect, it should be noted that a slow-quench
preceded by melting is presently adopted in a commercial
product as it turns out to be more effective than solid-state
crystallization for obtaining a narrower distribution of SET
resistance at an array level [1]. To expedite SET program-
ming, therefore, crystallization should be completable with a
faster quench and a material capable of a faster growth is
better suited for the purpose. As for the scalability of PCM,
it has been shown that employment of a damascene-type
confined cell is very effective to reduce etch damages, inter-
cell thermal interference, endurance failure and the RESET
current as well [2]. ALD or CVD deposition of a phase
change material should be adopted eventually.

With regard to these issues, doped SbTe materials seem
to have much promise. Contrary to nucleation-dominated
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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crystallization of GST, the materials are featured by fast
growth-dominated crystallization, which has been utilized
for high-speed phase-change optical data storage based on
mark-edge recording [3]. The potential of the materials as
applied to electrical memory was first demonstrated using a
phase-change line memory [4] but the subsequent studies
have been rare along the same avenue. Using pore-type
vertical devices and highly scaled devices, the present
authors have recently carried out focused studies on the
electrical memory characteristics of Ge-doped SbTe
materials in respects of SET/RESET programming [5–7],
multi-level programming [8], and reliable DRAM-like
performance [9]. Herein, we put together these work in an
overview of the materials’ prospect for high performance
memory as a dedication to this special issue for someonewho
initiated a path to the present day PCM forty some years ago.
We start with a material perspective for Ge-doped SbTe that
is relevant to discussions of the device characteristics to
follow.

2 Material characteristics
2.1 Phase diagram characteristics Schematically

shown in Fig. 1a is the calculated equilibrium phase diagram
of Sb–Te binary system [10]. It consists of an Sb2Te3–Te
portion of a simple eutectic-type and an Sb–Sb2Te3 portion
with various invariant reactions. Between around 16 to
37 at% Te in particular, there exists the region of a stable
single phase known as d-phase with a congruent melting
point at the Sb content of 72.3 at% and at the temperature
544.58C.As shown in theGe–Sb69Te31 pseudobinary section
of Fig. 1b [11], Ge is soluble in the d-phase of near the
congruent composition up to slightly above 10 at%.

2.2 Composition dependence of crystalline/
amorphous structures From a careful structural analysis
of the Sb–Te materials of compositions belonging to the
Sb–Sb2Te3 portion of the diagram, it was revealed that
the crystal structures of the Sb–Te materials change with
varying composition in such a manner that unit cell at a
composition is composed of layers stacked according to
ABC sequence where units of NaCl-type Sb2Te3 structure
(Te–Sb–Te–Sb–Te layers) are interposed by A7-type Sb
structure having varying number of Sb layers with
composition [12]; any Sb–Te binary material belonging to
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Figure 1 Equilibrium phase diagrams of (a) Sb–Te binary system
and (b) Sb69Te31–Ge pseudo-binary system schematically repro-
duced from Refs. [10, 11].
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the Sb–Sb2Te3 portion of the diagram may be viewed then
essentially as a two phase (Sbþ Sb2Te3) eutectic composite
at the atomic level. It was suggested that a crystalline Sb–Te
material in the Sb–Sb2Te3 portion may be expressed to have
the chemical formula of Sb2nTe3 with a total of 2nþ 3
stacked layers in its unit cell [12].

Shown in Fig. 2a are the first-principles calculation results
on the cystalline structures of three selected Sb–Te materials,
i.e. Sb2nTe3 with n¼ 1 and two d-phase compositions with
n¼ 3 and 6. The details of computational methods can be
found in Ref. [13]. It should be commented that each Sb atom
within the stacked Sb layers has 3 short and 3 long near-
orthogonal bonds with nearest neighbour Sb atoms but one
within the Sb2Te3 substructures has rather symmetrical
bonding with 6 Te atoms. Note also that weak Te–Te bonds
across the two bounding layers in the c-Sb2Te3 stack are
replaced with relatively stronger Te–Sb bonds in c-Sb2Te and
c-Sb4Te, leading to increased atomic density of the latter.
The calculated partial density of states (PDOS) for the three
different crystalline structures are shown in Fig. 2b. With
increasing Sb content, of band gap becomes reduced and
the partial weight of Sb p band becomes stronger particularly
near the top of valence band, rendering bonding orbitals
predominantly the p-character. These changes appear to be
pronounced from c-Sb2Te3 to c-Sb2Te but not so significant
from c-Sb2Te to c-Sb4Te, indicating a difference in bonding
environments of Sb atom between c-Sb2Te3 and the others as
mentioned above. From similarity in electronic structures
between c-Sb2Te and c-Sb4Te, electrical and optical proper-
ties of d-phase materials are expected to vary little with
composition as confirmed experimentally by Sb–Tematerials
doped with 5 to 10 at% Ge [7, 14].
Figure 2 (online colour at: www.pss-b.com) (a) The hexagonal
unit cell of c-Sb2Te3, c-Sb2Te and c-Sb4Te viewed along the (0001)
axis. The contours are electron densities at the valence top
and horizontal lines indicate the symmetrically independent
layers. (b) The corresponding computed partial density of states
(PDOS).
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Figure 3 (onlinecolourat:www.pss-b.com)(a)Radialdistribution
functions (RDF)of amorphous Sb2Te3, Sb2Te andSb4Te. (b) Three-
body correlation functions of amorphous Sb2Te3 and Sb4Te.

Figure 4 (online colour at: www.pss-b.com) Ring distributions
in amorphous structures.

2 4 6 8
0
2
4
6
8

101
10

100
1k

10k
100k

1M

arbitrary unit

 

G
ro

w
th

 R
at

e
[m

/s
]

Sb-to-Te ratio

  1

 Jeong et al [5]
 Khulbe et al.[19]

N
uc

le
at

io
n 

Ti
m

e
[ µ

s]

Figure 5 (online colour at: www.pss-b.com) Crystallization
kinetics as measured by laser annealing of Ge-doped SbTe films
of varying STR [5, 19].
As for the amorphous Sb–Te materials of the three
different compositions, the calculated radial distribution
functions (RDF) are shown in Fig. 3a. Notice an apparent
shoulder on the second peak at around 3.7 Å (marked by an
arrow) for a-Sb2Te and a-Sb4Te, suggesting that the shoulder
may be characteristic of local atomic structures in Sb-rich
materials. A similar feature was also noted from the total
correlation function of an amorphous Ag3.5In3.8Sb75Te17
(AIST) alloy [15]. For a detailed analysis, we mapped out
three-body correlation functions in Fig. 3b representing the
distribution of bond lengths in three-atom alignments of two
bonds having inter-bond angles in the range of 1408 to 1808.
Regarding the shoulder on the second peak in RDF, notice
that a-Sb4Te has a bond distribution characterized by
prominently lineal three-atom alignment with one short
bond (�2.9 Å) and one long bond (�3.7 Å) relative to that of
a-Sb2Te3. Since such three-atom alignment constitutes a
crystalline structural motif, it may transform into a locally
ordered arrangement with a small displacement of an Sb
atom, hence crystallization of Sb-rich materials being a
growth-controlled process. According to an atomistic model
derived from careful analyses of the atomic and electronic
structures of the amorphous and crystalline AIST alloys,
growth-dominated crystallization proceeds by successive
bond interchanges through small displacements of Sb atoms
in 3þ 3 octahedra along the crystalline c-axis imposed by
the surrounding crystal [15]. It is readily expected that the
process would be most rapid in the pure Sb case and
the presence of other elements may impede it, leading to
decreased growth speed.

The composition dependence of the medium range order
in amorphous state as examined by the ring distributions is
shown in Fig. 4. It is noted that Sb–Tematerials have broader
size distributions than GST and a-Sb4Te in particular shows
a stretched ring distribution with fivefold rings being the
largest in number. As for fourfold rings, notice that AAAB-
type (A; Ge, Sb, B; Te) is predominant in a-Sb2Te and
www.pss-b.com
a-Sb4Te whereas ABAB-type is so in a-GST and a-Sb2Te3.
This seems to explain the difference in crystallization
mode between the two groups of materials. Unlikely to be
sustainable during electrical or optical heating, weakly
bonded AAAB-type rings may not contribute to nucleation-
dominated crystallization as ABAB-type fourfold rings do in
GST and possibly in a-Sb2Te3.

Regarding the effect of Ge-doping on the structures of
Sb–Te materials, a few comments are in order. Firstly, Ge
addition increases the average mean coordination number
of an amorphous material, thereby increasing the thermal
stability of an amorphous phase [16, 17]. As for crystalline
structures, Ge addition beyond a certain content appears to
make changes in stable crystalline structures. For example,
laser-crystallized Ge7.1Sb76.4Te16.5 material was found to
have A7-type crystal structure at room temperature and even
a simple cubic at high temperatures [18] whereas Sb–Te
doped with as small as 5 at% Ge were observed to maintain
the aforestated long period stacked structures [14].

2.3 Composition dependence of crystallization
kinetics Shown in Fig. 5 are the nucleation and growth
kinetics of Sb–Tematerials dopedwith about 5 at%Ge or less
as measured by two separate groups using laser crystal-
lization [5, 19]. Between the two groups’ data, there is no
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1 Selected material parameters of three different d-phase
Ge-doped SbTe materials; Ge10STL (Ge9.9Sb57.9Te32.2), Ge10STM

(Ge9.9Sb65.4Te24.7), Ge10STH (Ge9.9Sb71.4Te18.7).

Ge10STL Ge10STM Ge10STH

Tm (8C) �544 �544 �544
rcryst. (V.cm) 3.7� 10�4 2.7� 10�4 3.8� 10�4

Lcryst.(WmK�1) 4.8 5.0 4.5
Vgrowth (m s�1) 0.8 �3.6 �5.9
discrepancy in displaying a monotonous increase of growth
speed with increasing Sb to Te ratio (STR), in line with the
foregoing discussions. As for nucleation time, two remark-
able features are found frommeasurements over an extended
range of STR down to the Sb-lean side of the d-phase
boundary (STR of �1.7). Firstly, nucleation time reaches
a maximum near the minimum congruent melting point
(STR of 2.6) where the driving force for crystallization is
supposedly smaller than in adjacent compositions. From
classical nucleation theory, crystallization is expected to
require the largest viable nuclei hence the longest nucleation
time at the congruent composition, provided that the
interface energy of a nucleus varies little over a small range
of composition. Secondly, nucleation time becomes drasti-
cally reduced with STR decreasing from the congruent
composition and enters the submicron-second regime hence
most likely the regime of nucleation-dominated crystal-
lization as the Sb-lean side of the d-phase boundary is
crossed. Note that the two characteristic compositions (STR
of 2.6 and 1.7) are corresponding to Sb8Te3 and Sb5Te3
crystalline structures, respectively. Remarkably, a unit cell
of an Sb phase can barely form within the interposed Sb
layers of the former structure and an Sb-based three-atom
alignment, a motif of a crystalline Sb, can barely form in the
latter.

3 Programming characteristics Shown in Fig. 6
is the composition dependence of the SET and RESET
programming characteristics, as examined with PCM cells
having the pore size of 150 nm� 150 nm and Ge10ST
materials of varying STR; 10 at%Gewas added for improved
thermal stability of the materials. The detailed procedures of
device fabrication and characterization can be found in
Ref. [6, 7]. From Fig. 6a, each of RRESET, RSET and Vth is
found to decrease rather monotonously with STR, similar to
a trend displayed by the electrical resistivity data (not shown
here). The results for two important device characteristics,
SET time (tSET) and RESET current (IRESET), are shown in
Fig. 6b togetherwith two elements of tSET, i.e. delay time (tD)
and crystallization time (tCryst). Notice a very short tSET of
around 30 ns at the highest STR tested and a slow increase
with decreasing STR down to about 1.7 before a steep rise in
the range of still lower STRs. Such a characteristic trend is
observed to inherit from that of crystallization time that
appears to come from a qualitative change in crystallization
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Figure 6 (online colour at: www.pss-b.com) (a) RRESET, RSET,
and Vth, (b) IRESET and tSET as a function of STR.
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mode across the d-phase boundary most likely from a
growth-dominated mode to nucleation-dominated one. A
distinctively contrasting trend is observed for IRESET,
namely, a steep decrease from its maximum with diminish-
ing STR down to the d-phase boundary and a markedly
slower decrease therefrom to STR of about 0.7. To under-
stand the origin of the observed trends in hindsight, relevant
material parameters are listed in Table 1 for three selected
compositions of the d-phase [7]. Note that the first three sets
of material parameters differ little among the three selected
compositions, being explainable by the similarity of the local
atomic and electronic structures as indicated above.

Indeed, electrothermal calculations taking account of
only the first three sets of material parameters were found to
yield IRESET values having positive deviations progressively
from the observed values with growing STR, implying an
increasingly adverse role of Vgrowth in determining IRESET of
the higher STR material. It was confirmed that Vgrowth

has a remarkable influence on the RESET programming
process by modulating the regrowth kinetics of the crystals
surrounding the molten programming region during the
quenching period [7]. In as much as both RESET- and SET-
programming characteristics are governed by the regrowth
kinetics of the surrounding crystals, IRESET and tSET are
inseparably linked as competing performance parameters
and a judicious choice of the STR is deemed necessary
depending on the target application.

Another ramification of the problem with fast regrowth
stands out inMLC programming. MLC programming with a
growth-dominated PCM material in particular requires an
accurate control of the size of an amorphous programmed
region so as to produce multiple resistance levels reliably.
For a d-phase material with a high STR, this appears to be
quite challenging due to very rapid regrowth kinetics and
MLC programming has been pursued instead by polarity
reversal [20] for instance. With a d-phase material of a
reduced STR,MLCprogramming capability can be imparted
to a PCM cell as shown in Fig. 7 [8]. It is observed from
Fig. 7a that the material (GeSTL) with a relatively low STR
(1.8) produces more gradual change in resistance from SET
to RESET states as falling time (tf) of a programming pulse
increases from 5 to 20 ns whereas the other two materials of
higher STRs maintain the abrupt resistance changes with
concurrent rises in RESET current. This indicates that
amorphous regions of varying sizes are able to form by
current modulation owing to the reduced regrowth kinetics
www.pss-b.com
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Figure 7 (onlinecolourat:www.pss-b.com)(a) I–Rcharacteristics
of memory cells using Ge10STL, Ge10STM and Ge10STH, (b) cyclic
4-level programming, (c) data retention characteristics of the
MLC-Ge10STL cell.

Figure 9 (online colour at: www.pss-b.com) Evolution of PCM
cell structure (from left to right) with the compatible deposition
process.

Figure 10 (onlinecolourat:www.pss-b.com)Dash-typePCMcell
with a d-GeST of a high STR.
of theGeSTLmaterial. As shown in Fig. 7b and c, four-levels
of resistance were programmable reproducibly with rela-
tively short SET (5/60/5 ns; rising time/pulse width/falling
time, respectively) andRESET (5/60/20 ns) pulses and could
be maintained stable for 10 years at 117 8C. It follows that
d-phase GeSTL looks also promising besides a high STR
material as it provides relatively low reset current and MLC
capability without much sacrifice of SET speed.

4 Characteristics of highly scaled device Need-
less to say, a good scalability must be warranted for practical
use of a d-phase GeST material. According to International
TechnologyRoadmap for Semiconductor (ITRS) 2011, reset
current value of PCM is expected to reach below 100mA at
20 nm technology node (Fig. 8a). As shown in Fig. 8b, the
aspect ratio of a storage node (that can be determined from
the cross-sectional area of a phase change volume in ITRS
2011 with an assumed anisotropic device scaling for reset
current) is predicted to increase rapidly from this node down
on [21, 22].

It is very challenging to form a phase change material
with a high aspect ratio of more than 4 using a conventional
physical vapor deposition (PVD) technique combined with
an etching process without producing gap-fill voids and etch
damages. Figure 9 shows the evolution of the cell structure
with its compatible deposition process [2, 23, 24]. Control of
etch damages with the conventional processes was not much
of an issue down to the technology node of about 60 nm.
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Figure 8 (online colour at: www.pss-b.com) Estimated reset
current and aspect ratio of a PCM storage node as a function of
design rule; experimental results are also included.
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Below 60 nm node, a CVD process was introduced to fill a
trench hole whilst a CMP process replacing the etching
process. Eventually an isolated dash-type cell was developed
together with ALD process to enable a conformal filling
of a tiny contact hole. Recent reports from two different
research groups address the issues of CVD/ALD precursors
and deposition processes for various phase change materials
including GeST materials [25, 26].

A dash-type cell containing a GeST of a high STR inside
a trench hole of 7.5 nm� 17 nm in size was fabricated using
an ALD process as shown in Fig. 10 and was characterized
with respect to various memory characteristics [9]. The
measured SET speed and data retention characteristics of
the GeST dash-type cell are presented in Fig. 11 showing a
SET speed of 30 ns and the estimated retention times of
4.5 years at 85 8C and of over 10 years at 70 8C, respectively.
Evidently, these characteristics fulfill the requirements of
SCM [27]. The observed SET speed is slightly slower than
that of the planar-type cell, which is supposedly due to the
Figure 11 (online colour at: www.pss-b.com) (a) SET resistance
characteristic as a function of SET pulse time and (b) Arrhenius plot
of data retention time as a function of temperature for a d-GeST
dash-type cell.

� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 12 (online colour at: www.pss-b.com) Endurance charac-
teristic of a d-GeST dash-type cell.
relative deficiency of a crystalline matrix around an
amorphous volume in the isolated dash-type cell. Consistent
with this, data retention characteristics of the dash-type cell
are also relatively better.

One of the most important requirements for the SCM
is a long cyclability of 109–1012. In the case of PRAM for
NOR replacement, endurance of 104–105 was required,
which could be easily satisfied with a control of dopants in
a phase change material or by reset energy reduction.
Endurance failures are well known to result from compo-
sitional segregation and voiding by way of atomic transport
induced by the bias-dependent electro-migration in the
molten GST and/or incongruent melting occurring at
the boundary region between liquid and solid [28, 29].
An isolated confined cell can inhibit the endurance
failure by reducing the reservoir for atomic transport and
the solid/liquid boundary region as well. The GeST dash-
type cell was capable of 1011 endurance cycles of writing
operations as shown in Fig. 12.

5 Conclusion In order to satisfy the requirements of
various high-end applications, PCM needs to have improved
performance in terms of speed and density. For enhanced
speed in particular, a material seems in need, different from
GST in present use. The d-phase GeST materials offer a
range of device characteristics that may be tailored to the
specific needs based on a faster writing speed than GST. As a
good example, GeST of a high STR can provide the speed,
scalability and reliability required for the SCM application.
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