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ABSTRACT

The large difference of dielectric functions between the amorphous and crystalline phases of Ge-Sb-Te based phase-change materials
(PCMs) used in memory storage devices also affects their Schottky barrier heights (SBHs) and thus their electrical device properties. Here,
the SBHs of each phase of Ge,Sb,Tes, GeTe, GeSe, and SnTe are found by density functional supercell calculations. The Fermi level pinning
factor S calculated for the crystalline phases (with a larger dielectric constant) is smaller than their amorphous phases, agreeing well with
the empirical relationship linking SBH to a dielectric constant. The relatively large dielectric constant of crystalline PCMs arises from their
resonant bonding (metavalent bonding), but their pinning factor is not always as small as empirically expected. The results are useful for
optimizing the design of metal contacts for Ge-Sb-Te type phase-change memory devices.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0001912

1. INTRODUCTION

Phase-change materials (PCMs) based on Ge-Sb-Te chalco-
genide alloys were initially developed for non-volatile optical
storage disks."”” These applications benefit from the superior prop-
erties of PCMs, such as extremely fast programming, excellent reli-
ability, and easy downscaling. Their operation uses the rapid,
reversible transition between their crystalline (c-) and amorphous
(a-) phases. These phases had different optical properties due to
the different primary bonding of each phase, particularly a strong
contrast in their refractive indices n, due to the large n of the reso-
nantly bonded or “metavalently bonded” crystalline phase.”™

Unusually, the same materials are also the basis of non-volatile
electronic memories,” the phase-change random access memories
(PRAMs), where the different electrical resistivities are due to the
different Fermi pinning energies (Er) of the two phases, with Eg of
c-PCMs pinned near the valence band maximum (VBM) giving it
a much lower resistance. PRAM is now a leading contender for the
storage class memory with a latency and costs between that of
volatile dynamic random access memory (DRAM) and non-volatile
flash memory.”

The future of PRAM depends to an extent on its continued
dimensional scaling following Moore’s law, and this in turn
depends increasingly on the performance of its contacts. These are

limited by the Schottky barrier heights (SBHs) of the contact
metals with the phase-change semiconductor material. The SBHs
also affect the carrier injection and leakage current in a PRAM
array. The band line-ups of a-Ge,Sb,Tes with various dielectrics
were studied sometime ago by photoemission.”'’ The authors also
reported metal contacts with a-Ge,Sb,Tes, showing a pinning
factor of 0.36-0.46."" However, only three metals were used, and
the work only focused on the amorphous case. There has so far
been no further analysis of the chemical trends of Ge-Sb-Te SBHs.
Thus, a fundamental understanding of the Schottky barrier on dif-
ferent Ge-Sb-Te chalcogenides especially focusing on the effect of
the phase on the barrier heights is still lacking, which is useful for
the design of Ge-Sb-Te based memory devices.

The main chemical trends of the SBHs with the contact metal
are defined by the semiconductor’s charge neutrality level (CNL),
and its slope factor S = dd,/d®y;, where ¢, is the p-type SBH and
@y is the metal work function of the contact.'” The SBHs of semi-
conductors follow the equation'’

S= (1)
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FIG. 1. (a) Side and (b) top view of amorphous Ge,Sb,Tes. Green, purple, and
brown balls are Ge, Sb, and Te atoms, respectively.

where N is the density of gap states at Ey causing the pinning, & is
their decay length, and & is the dielectric constant of the interfacial
layer. Generally, the pinning arises from metal-induced gap states
(MIGS) caused by the metal contacts, which extend into the semi-
conductor bandgap. For a wide range of semiconductors and insu-
lators, Schliiter'” found that S tended to correlate with the optical
dielectric constant £, and then Monch'® observed an empirical
model of SBH that S depends strongly on the optical dielectric
constant of the semiconductor (e, = n°), given by

1

ST 0.1(ew — 1)° @
for a wide variety of semiconductors and insulators. Here, we
discuss whether this interesting effect continues to the phase-
change materials.

We note that the slope parameter S quantitatively character-
izes the semiconductor pinning properties, with §=1 describing no
Fermi level pinning condition (Schottky limit) and S=0 for the
strong pinning case (Bardeen limit).'>'® Thus, the &, values of

ARTICLE scitation.org/journalljap

each phase are very relevant not just to optical memories but also
to the ultimate performance of electrical memory devices.

It should be noted that the appearance of £, in Eq. (2) does
not mean that Schottky barriers (SBs) have optical functionalities.
It means that S, N, and ¢ in Eq. (1) vary with parameters such as
an average bandgap (Penn gap) and an MIGS decay length and
overall tend to scale as in Eq. (2) for a wide range of materials with
an octet of valence electrons.'” Here, we extend this observation to
non-octet materials with ten electrons. To do this, we compare cal-
culated S values for differently bonded phases for various PCMs.

In this work, we calculate the SBHs of several Ge-Sb-Te type
PCMs, including Ge,Sb,Tes, GeTe, GeSe, and SnTe. Both crystal-
line and amorphous phases are investigated to compare the impact
of different phases on their interface properties. The results show
that the Ge-Sb-Te materials are all relatively strongly pinned with
a Fermi level pinning factor S up to 0.3. For amorphous Ge,Sb,Tes,
the fitted pinning factor S agrees well with the previous experiment
reports. Crystalline phases of Ge-Sb-Te all have obviously smaller
S values (much stronger pinning effects) than the amorphous
phases because of their different €., but not as small as empirically
expected from Eq. (2). This may be because the role of metavalent
bonding in empirical SBH models is not yet fully understood.

Il. METHODS

The calculations were performed using the plane-wave
CASTEP code.'"® We used norm-conserving pseudopotentials with
a plane-wave cutoff energy of 500eV and generalized gradient
approximation (GGA) exchange-correlation functional. The effect
of van der Waals’s (vdW) interactions in these materials is included
by the density functional theory (DFT)-D2 vdW correction via the
Tkatchenko-Schefer scheme.'””” The supercell models are fully
relaxed with a convergence tolerance of 10™>eV for the total
energy and 0.03 eV/A for the force on each atom. In electronic cal-
culations, the energy is converged to 107° éV/atom. The semi-local
GGA functional narrows the semiconductor bandgap, as is well
known, which increases the calculated €., values. The screened
exchange (sX) hybrid functional’' corrects the bandgap error
where necessary, but sX is rather time-consuming and it is hard to
converge for metallic contact systems. Therefore, only electronic

(a)4 L <nl.j(r,r+Ar)> (b) TDOS
i rryv o
; e p,Ar ° Sb
S Te FIG. 2. (a) Averaged radial-distribution
e 2 function curve, calculated with the
= 2t o inserted equation for the a-Ge,Sh,Tes
o)} Py model. (b) DOS of amorphous
g Ge,Sh,Tes by sX functional, showing a
11 [) clean bandgap. The Fermi level is
a aligned at 0 eV,
0 1 1 1 1
2 3 4 5 6 -10 -05 00 05 10 15
Distance (A) Energy (eV)
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TABLE I. Summary of the lattice constant and bandgap by PBE or sX functional calculations. Some experimental bandgaps are listed for reference.

Ge-Sb-Te PCMs Lattice constant (A) PBE gap (eV) sX gap (eV) Exp. gap (eV)
Ge,Sb,Tes Mat-GST a=b=834 0.002 0.13 0.48" (Ref. 3)
a-GST 0.32 0.51 0.77°
GeTe r-GeTe a=b=4.13 0.47 0.57 0.55°
0-GeTe a=4.20 0.42 0.64 0.78’
b=4.64
GeSe r-GeSe a=b=3.97 0.46 0.60
0-GeSe a=4.02 0.71 0.96 1.07*
b=4.10
SnTe r-SnTe a=b=436 0.25 0.44 0.2, 0.3° (Ref. 34)
0-SnTe a=4.32 0.80 1.01
b=4.58

*Experimental gap of c-Ge,Sb,Tes is from the rock-salt phase of Ge,Sb,Tes.
PExperimental gap of SnTe is from cubic SnTe.

structures and optical dielectric functions of bulk materials are cal-
culated by sX. Note that our work focuses on SBH changes (i.e., the
slope) with the metal work function, which are less affected by
absolute bandgap values. Lattice matching at the interfaces between
the metal and semiconductors was achieved by rotating the lattices
where necessary. The metal slabs were adjusted to contain an even
number of electrons to give spinless systems.

For GeTe, GeSe, and SnTe, the high-symmetry rhombohedral
(r-) and low-symmetry orthorhombic (o-) structures are used to
represent the crystalline and amorphous phases, respectively.”

80 50

0-GeTe has been proposed previously as a simple model of
bonding in amorphous GeTe,” which loses the medium-range
order and alignment of p-orbitals found in r-GeTe, while keeping
the same coordination number. That is, there is no metavalent
bonding in the o-phases. For Ge,Sb,Tes, the c-phase was taken
from the mixed Ge,Sb,Tes structure of Matsunaga,” which is a
50% mixed chalcogenide super-lattice (CSL) structure with a
mirror symmetry and has lower energy than the Kooi structure.”*”’
The chalcogenide superlattice, or the interfacial phase-change
memory (iPCM), consists of a hexagonal (GeTe),(Sb,Tes),, layer,

(a) e Am-GeZSbZTe5 (b)
e Mat-GeZszTe5 40
30

60

— 0-GeTe

40
w W 20
20
10
] 0
FIG. 3. Calculated dielectric constant
220 . L . L . -10 . . . f . real part & for (a) Ge,Sb,Tes, (b)
0 1 2 3 4 6 2 3 4 6 GeTe, (c) GeSe, and (d) SnTe by sX
Energy (eV) Energy (eV) functional. The black and red lines rep-
30 GeS 80 ST resent the amorphous and crystalline
(C) —o-Lece (d) —o-onle phases, respectively. The c-Ge,Sb,Tes
—r-GeSe 60| —r-SnTe is taken to have the Matsunaga-mixed

CSL structure,” labeled “Mat” in (a).
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TABLE Il. Summary of the dielectric constant and pinning factor by different methods. The CNL position is the energy position above the VBM.

S (Monch’s CNL (eV)
Ge-Sb-Te PCMs sX £, Exp. &; with sX g;) S (supercell model) S (exp. report) (supercell model)
Ge,Sb,Tes  Mat-GST 56.0 33.3" (Ref. 3) 0.0033 ~0.15 0.08
a-GST 223 16.0° 0.021 ~0.30 0.36-0.46"" 0.34
GeTe r-GeTe 27.3 33.2° 0.014 ~0.04 . 0.30
0-GeTe 13.3 13.2° 0.062 ~0.29 0.74
GeSe r-GeSe 17.0 24.5" (Ref. 6) 0.038 ~0.08 0.39
0-GeSe 116 13.5° 0.082 ~0.37 0.99
SnTe r-SnTe 52.5 ~50" 0.0038 ~0.05 0.09
o-SnTe 18.7 0.031 ~0.15 0.70
“Experimental &; of c-Ge,Sb,Tes is the rock-salt type of Ge,Sb,Tes.
bExperimentall £; of r-GeSe is from r-GeSey 75Te »s.
where the phase transition is constrained to move in one dimen- g, value for the c-phase (red line) compared with the a-phase
sion rather than three dimensions so that less energy is consumed (black line) can be observed, agreeing with experimental values’
than the classical transition.”® The random network of a-Ge,Sb,Te; and previous calculations.” The p-orbital alignment in the reso-
was generated by molecular dynamics as we did previously.”” nantly bonded c-phase of Ge,Sb,Tes, GeTe, and SnTe leads to

During the molecular dynamics process, the experimental mass
density of 5.87 g/cm’ was kept.”’

The SBHs are calculated using supercell models consisting of
a- or c-phase semiconducting PCMs with a metal slab on top. A
15 A thick vacuum layer is added to this to avoid the image effects.
The electron affinity of a-Ge2Sb2Te5 is found to be 4.76 eV, close
to its experimental value.”” Re, Rh, Pd, Ir, and Pt contact metals
are used for Ge,Sb,Tes as these are compatible with its electron
affinity, while more metals are used for other PCMs, which have
relatively lower electron affinity values. The high work function
oxide MoOj is used where necessary to extend the range of work
functions.”

1. RESULTS

The crystal Ge,Sb,Tes, either the rock-salt structure or the
CSL structure,” has ordered bonding. The Ge, Sb, and Te sites all
have three shorter bonds and three longer bonds, as found experi-
mentally.”’ After molecular dynamics, the Ge coordination falls to
four, and the final a-Ge,Sb,Tes mainly has the Ge-Te and Sb-Te
bonding character with negligible Ge-Sb and Ge-Ge bonds
[Figs. 1(a) and 1(b)].

The radial-distribution function (RDF) curve in Fig. 2(a) fea-
tures an averaged bond length of 2.75 A and some moderately long
interaction distances of up to 2.95A. The amorphous bonding
characteristics are consistent with these reports.”’ Table I summa-
rizes the lattice constant and calculated bandgap values for all
studied Ge-Sb-Te PCMs.

A clean bandgap of 0.5¢eV is observed by an sX hybrid func-
tional calculation, as shown in Fig. 2(b). The partial density of
states (PDOS) shows that the VBM is mainly localized on the
Te-states, whereas the conduction band minimum has a mixture of
Sb and Te states. Table I summarizes the lattice constant and calcu-
lated bandgap values for all studied Ge-Sb-Te PCMs.

The calculated real part &, of optical dielectric functions for
the c- and a-phases of PCMs is shown in Fig. 3. A much larger

FIG. 4. Atomic interface structures of (a) a-Ge,Sb,Tes, (b) Matsunaga-mixed
Ge,Sh,Tes, (c) r-GeTe, and (d) o-GeTe with the Pd metal slab on top.
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FIG. 5. p-type SBHs with different contact metals for (a) Ge,Sb,Tes, (b) GeTe, (c) GeSe, and (d) SnTe. Both a- and c-phases are considered. For the r-phases, the SBH
values are averaged values for Ge-terminated and chalcogen-terminated polar interfaces.

larger optical matrix elements for this phase, leading to their
greater £, values.” For GeSe, the optical contrast is weaker than
that of GeTe but still features a 1.5 times difference in £,(0). A
detailed comparison of dielectric constants is summarized in
Table II.

The Schottky barrier height values are obtained from the
metal/PCM supercell models. Several interface models are shown in
Fig. 4. Note that GeSe and SnTe in our calculation have the same
symmetries as GeTe and thus similar interface supercells. For
a-GST, the disordered bonding character enables metal atoms to
bond to Ge, Sb, or Te atoms at the interface. After relaxation, the
interfacial Ge-Sb-Te sites bond with metal atoms, causing a local
distortion. However, the local distortion decays when the atoms lie
farther from the interface and almost disappears in the third

atomic layer as shown in Fig. 4. Our thick PCM slabs (~10 layers)
guarantee the bulk bonding character and band structures for
atoms in the interface supercells.

The p-type SBH is the energy difference between the VBM
and metal Fermi level Er The Schottky barrier height can be
derived using the core-level line-up scheme,” expressed by

@, = Enterfee | AV — Ey, 3)

core

where EMZ is the core-level state position of bulk atoms in the

interface supercell and AV is the energy difference of the bulk
VBM and the bulk core-level state.”

J. Appl. Phys. 127, 155301 (2020); doi: 10.1063/5.0001912
Published under license by AIP Publishing.

127, 155301-5


https://aip.scitation.org/journal/jap

Journal of

Appl ied Physics ARTICLE scitation.org/journalljap

interfaces. Several apparent phenomena can be observed. Firstly,
06 p® the barrier heights all decrease linearly with the increased metal
work function. The S for the Matsunaga-Ge,Sb,Tes structure is
~0.15. However, a larger S (0.28) occurs for a-Ge,Sb,Tes, indicat-
ing relatively weaker pinning. A similar tendency also suits GeTe,
GeSe, and SnTe models where a smaller slope is observed for the
c-phase. For GeTe, GeSe, and SnTe, the a-phase PCMs have a slope
of ~0.15-0.35, but their c-phases have an extremely strong pinning
effect with §<0.1 with excellent linearity. Apart from the slope
contrast, the SBH values for a-PCM:s are obviously larger than their
crystalline counterparts, due to their smaller &.

The contrast of the fitted slope between the amorphous and

0.4

Relative barrier height (eV)

00 crystalline materials in Fig. 5 arises from their different £, accord-
I Rh ing to Eq. (2), and the physical explanation lies in the metavalent

Al W Rel Pd IrAu Pt bonding of crystalline phases.” Table II summarizes the dielectric

0 Y S I RN | N AN PO IR constant and the Fermi level pinning factors by different schemes.

42 44 46 48 50 52 54 56 58 Our sX calculation reproduces well the experimental optical dielec-
Work function (eV) tric functions. A <0.05 S value is expected if taking either our calcu-

lated or experimental dielectric constant into Eq. (2). However, our

FIG. 6. SBH comparison between calculations and an experimental report.“ fitted $ values from supercell models are several times (even ~2

The experimental SBHs are shifted with Pt's SBH aligned to 0, to have a com- orders for Ge,Sb,Tes) larger than the empirical ones, indicating

patible comparison with the calculation data. that the empirical SBH theory may be less applicable for the meta-

valently bonded semiconductors so far and that a deeper under-

standing of Schottky barriers in such systems is still needed. The

only experiment report of different metals on Ge-Sb-Te type

The calculated SBH distributions as a function of the metal PCMs gives a moderate S value of 0.36-0.46'' for amorphous

work function for crystalline and amorphous supercell models are Ge,Sb,Tes, close to our calculated value of ~0.30 (Fig. 6). However,

shown in Fig. 5, where SBH values for r-GeTe, etc., are averaged Fang et al.'' obtained unusual negative SBH values from XPS data;
values for Ge-terminated and chalcogen-terminated polar these values should be confirmed by electrical measurements.

0.6
» (9_0)-Ge,Sb,Te,, S=0.15
e Kooi-Ge_ Sb_Te_, S=0.14
04} 5 &R
A4 Mat.-GeSbTe_Te term., S=0.17
[ v Mat.-GeSbTe_Ge term., S=0.14

Barrier height (eV)

ReRh Pd
N Y I S R A T T B

4= ;
4.8 5.0 5.2 54 5.6 5.8
Work function (eV)

Ir Alu Pt

FIG. 7. Atomic structure for (a) (9_0)- and (b) Kooi-Ge,Sb,Tes with the Pd metal slab on top. (c) p-type SBHs with contact metals for several crystalline Ge,Sb,Tes.
Different faces of Matsunaga-GeSbTe with Ge-termination and Te-termination are presented, respectively.
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FIG. 8. Wave functions for bands across the Fermi level for (a) 0-GeTe and (b)
r-GeTe interface models, respectively.

Apart from this, as for c-Ge,Sb,Tes, several other crystalline
superlattice configurations are also calculated to show how the SBH
varies with different faces, shown in Fig. 7. We see how a Ge- or
Te-termination produces an offset of the SBH values, while the cal-
culated slope factors (S values) for each of the faces are roughly the
same within 0.1-0.2. The (9_0)-Ge,Sb,Tes; and Kooi-Ge,Sb,Tes in
Figs. 7(a) and 7(b) are another two kinds of CSL structures and are
taken from Ref. 25.

Thus, our supercell calculation results are reliable enough to
evaluate the Schottky contact behavior of Ge-Sb-Te PCMs. Taking
the fitted S and the calculated bandgap and affinity into consider-
ation, the CNL values (above VBM) can be extracted from fitted S
data, using'>'°

D, = (Ecnr — %) + S(Pw — Ecnr)- (4)

The CNL data are summarized in Table II. Clearly, the CNL
levels for c-PCMs lie closer to the VBM than for the amorphous
cases, leading to much lower resistance for PRAM devices. The low
CNL near the VBM results in a lower hole barrier because the
metal Fermi levels tend to pin at CNL, which is important for
current transport across the interface. This also indicates that Eg
does not necessarily pin by defects, as is often said.

The technological consequences are that the moderate S value
for a-PCMs allows its SBH to be tuned by changing the contact
metal, which is useful for reasonable designs of PRAM devices. On
the other hand, the very small (or even negative for c-Ge,Sb,Tes)
SBHs in Fig. 4 for c-PCMs mean that metal Fermi levels lie close to
(or in) the valence band; therefore, they are actually ohmic con-
tacts. Thus, the c-phase PCMs are actually heavily p-type semicon-
ductors with low contact resistances, and the practical barrier
height variation by changing the metal work function is small.
These results are instructive for the reasonable design of the Ge-
Sb-Te material interface contacts.

Figure 8 shows the orbital wave functions around the
Fermi level for amorphous and crystalline GeTe supercell models.

ARTICLE scitation.org/journalljap

Apparently, the wave functions mainly distribute within the metal,
but some states still decay into the semiconductor side, indicating
that metal-induced gap states (MIGS)' > exist. However, the decay
length is limited and obviously shorter in PCM than in the classical
semiconductor,” further confirming that the traditional SBH
theory is less applicable to such semiconductors so far and further
theoretical work is required.

IV. CONCLUSIONS

In conclusion, the Schottky barrier heights of metal/Ge-Sb-Te
based phase-change material supercells are studied. We found that
the Ge-Sb-Te materials have a relatively strong Fermi level pinning
effect with pinning factor $<0.3 for all kinds of phases. The
crystalline Ge-Sb-Te chalcogenides have a much smaller S value
compared with the amorphous counterparts, indicating stronger
pinning effects. However, the S value is not as small as empirically
expected, due to its crystalline metavalent bonding characteristics.
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