This is the accepted version of the following article

Milos Krbal, Jan Prikryl, Igor Pis, Vit Prokop, Jhonatan Rodriguez Pereira, Alexander V. Kolobov (2023).
Anomalous electrical conductivity change in MoS2 during the transition from the amorphous to crystalline
phase. Ceramics International. Volume 49, Issue 2, January 2023, Pages 2619-2625. DOI:
10.1016/j.ceramint.2022.09.242

This version is licenced under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0.International

©OE0

Publisher’s version is available from: https://www.sciencedirect.com/science/article/pii/S0272884222034241



http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.sciencedirect.com/science/article/pii/S0272884222034241

MoS, —  [Resistance at RT ¢

2Hphase Ghod Layering /"

S .

5L

%10 Mo-Mo path )

a ¢ Breaking of

104k -

510 Mo-Mo bonds
Amorphousé !

10°=4~—"2006 200 600 800 1000

Annealing temperature (°C)

e Anomalous electrical conductivity change in MoSs during crystallization.

e A huge change in electrical resistance suggests the use of TMDC for data

storage.

e Three separated resistance states can be used to encode data in three logic

states.

e The low resistance amorphous state is due to a large quantity of Mo-Mo

bonds.

e High resistance states arise from Mo-Mo bond disruption and crystalliza-

tion.
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Abstract

Transition metal dichalcogenides exhibit unique properties, which make them
interesting for fundamental studies and for applications in many devices. Here,
we report on anomalous electrical behaviour during the amorphous-to-crystal
phase transition of MoS, . While crystallization typically results in an increase
in conductivity, the situation in MoSy is opposite. Amorphous MoS; shows
a sheet resistance of 3.2 x 10% Q0 with the value remaining nearly constant
until 200 °C, MoSs samples annealed above 200 °C exhibit an unexpected two-
step increase in sheet resistance. The first abrupt increase takes place after
annealing at temperatures between 300 and 400 °C while the second increase
occurs after heating to 700°C with typical sheet resistance values of 1.2 x
10° and 8 x 10% QO after heating to 500°C and 900 °C, respectively. Using a
combination X-ray photoelectron spectroscopy and X-ray diffraction studies and
ab-initio modeling, we argue that the large electrical conductivity observed in
amorphous MoSs is associated with the existence of a large quantity of Mo-Mo
homopolar bonds that exceed the percolation threshold. The dramatic increase

in the sheet resistivity in the first step is accompanied by the formation of the
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Mo-S bonds upon the disassociation of homopolar Mo-Mo bonds for a further
increase in the sheet resistance upon annealing temperatures of 700 °C that can
be attributed to the grain boundary formation during crystallization of MoSq
into the 2H layered structure.
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crystallization
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1. Introduction

Due to their unique properties, both amorphous and crystalline chalcogenide
materials have attracted attention for potential use in many fields such as in-
frared optics [11 2], optoelectronics [3H5], nanophotonics [6] [7], solar cells [SHIO],
electrocatalytic hydrogen evolution [TIHI3], energy storage [12], 14, [15], data
storage [I6HI8]. For example, data storage application takes advantage of the
ultrafast reversible change in the optical and electrical properties of amorphous
and crystalline phases induced by laser or electrical pulses, that are accompa-
nied by a pronounced property contrast, which can serve to encode and store
information [I9]. In non-volatile memory devices, such as 3D XPoint [20] mem-
ory recently commercialized by Intel and Micron, the amorphous phase exhibits
large electrical resistivity (RESET). The resistivity decreases by several orders
of magnitude during the phase transition to the crystalline (SET) state. For
the best performance, GeaShoTes [2I] has been singled out as a prototypical
phase-change material. A similar characteristic contrast (decrease) in resistiv-
ity upon crystallization has been observed for other phase change materials such
as (GeTe)y — (SboTes)1_x tie-line compounds [22H24], Agg.0Ing 5Sbeo.sTeas 7
[23, 25], SbaTe [26], Geg.155bo.s5 [27], InaSes [28] or GeCugTes [29]. It should
be noted that not only the above class of materials, but also metallic glasses
[30] or even glassy carbon [3I] exhibit a similar trend of showing a decrease in
resistivity during the transition from the amorphous to the crystalline phase.

This behavior can be considered typical for phase-change materials.



The recent discovery of an unusual reversible inverse resistance change in
CrGeTes [32], opposite to that of the often used GeaSbaTe; , has opened a new
path to engineer novel stable phase-change materials with desired properties.
The origin of the low resistance RESET state in CrGeTes was explained as being
due to the formation of close-packed Cr clusters that led to carrier generation
due to vacancy-induced defects. Subsequent disappearance of interconnected
Cr-Cr clusters in the SET state was found to lead to a drastic increase in the
resistivity, which resulted in the observed inverse resistance contrast.

Chromium belongs to Group VI of the Periodic Table, which also includes
molybdenum and tungsten. These elements in combination with chalcogens
form a widely studied class of materials today, the so-called Transition Metal
Dichalcogenides (TMDCs) [, [33] with the generic formula MXs, where M repre-
sents a IV-VI transition metal atom and X is a chalcogen. As recently reported,
similar to amorphous CrGeTes [34], an as-deposited amorphous MoSs thin film
contains a large number of homopolar Mo-Mo bonds [35], which can also form
interconnected Mo-Mo paths and thus lead to a significant decrease in the elec-
trical resistivity. Both amorphous phases - CrGeTes and MoS; - crystallize into
layered structures, which suggests that MoSs may also exhibit a similar unusual
inverse conductive character.

To investigate further, we measured sheet resistance of MoSs in the as-
deposited amorphous phase and during its gradual transformation into the sta-
ble 2H phase. We provide an explanation of the unusual behaviour in electrical
conductivity using a combination of the sheet resistance values along with infor-
mation on the structure of the as-deposited and individually annealed MoSs thin
films obtained by X-ray photo-electron spectroscopy (XPS) and X-ray diffrac-
tion (XRD). The origin of the high conductivity of the as-deposited MoSs thin
films is further corroborated by a model of ”melt-quenched” (MQ) amorphous

MoS; obtained via ab-initio molecular dynamics (AIMD) simulations.



2. Methodology

2.1. Ezperimental details

Amorphous MoS; films were deposited at room temperature using RF mag-
netron sputtering onto silica and silicon substrates. The thickness of the as-
deposited films was about 50 nm. We performed depositions under the following
conditions: 1 inch MoS; target, a distance between the target and sample hold-
ers was 12.2 cm, a background pressure was 1x10~% Pa, a forward power was
11 W and Ar pressure was 1.14 Pa. To prevent sample oxidation during crys-
tallization, a—MoSs samples were placed into a clean quartz ampule which was
subsequently evacuated to 10~3 Pa and sealed. Subsequent crystallization was
performed in a furnace with a heating rate of 2°C/ min. Samples were soaked
at a given temperature in a range 100 to 900 °C for one hour and allowed to
naturally cool down to room temperature.

The sheet resistance was measured using a Van der Pauw four probe setup
equipped with a heating cell (THMSG 600). Measurements were performed over
a temperature range 20 to 300 °C with a heating rate of 2°C/ min. An Ar inert
atmosphere was used to prevent sample oxidation. Drift in the sheet resistance
for as-deposited MoSy were measured at 80, 140 and 180 °C with a heating rate
of 50°C/ min while maintaining the desired temperature for 6h.

The amorphous and crystalline states of MoSsy were probed by X-ray diffrac-
tion using Cu K, (A = 1.5406 A) X-ray source and a diffractometer (Empyrean
Malvern Panalytical) operated in the 2-theta/omega mode in a Bragg-Brentano
geometry.

Surface compositional analyses were carried out by X-ray photoelectron spec-
troscopy (XPS, ESCA2SR, Scienta-Omicron) using a monochromatized Al K,
(1486.7 eV) X-ray source. Binding energies were calibrated to the adventitious
carbon peak at 284.8 eV. The spectra were fitted using Shirley-type background
removal [36] and Voigt functions. S 2p and Mo 3d peak doublets separations,

peak widths and intensity ratios were calibrated using a MoSy powder reference.



2.2. Computational details

The melt-quenched (MQ) amorphous phase of MoSy; was generated via
AIMD using the Vienna ab initio simulation package (VASP) [37]. Projector-
augmented wave pseudopotentials that included the electron configurations 3s2
3p* and 4d® 5s! as valence states for S and Mo, respectively, were used. The
PBE exchange-correlation functional [38] was used with a plane-wave basis with
a cutoff energy of 260 eV. The initial 108 atom cell (the 2H phase containing
36 and 72 atoms of Mo and S, respectively) was randomized at 5000K for 10 ps
to reach a molten phase. The temperature of the structure was subsequently
decreased to 2200K over an additional 10 ps and maintained at this temperature
for 10 ps to obtain an equilibrium state and then quenched to 200K over 10 ps.
The crystallization of the MQ-MoSs; was performed at 1800K for 200 ps.

3. Results and Discussion

The influence of the amorphous-to-crystal transition, in this case a so-called
3D-2D transition, on the electrical properties in MoSs thin films was thoroughly
studied by electrical transport experiments. The MoSs thin films, which were
annealed ex-situ over a range of temperatures from RT to 900°C with a step
of 100°C, were investigated by sheet resistance measurements over the tem-
perature range from RT to 300°C with a step of 2°C/min as shown in Fig.
1A. We found that the as-deposited amorphous MoS, thin film had a sheet
resistance value of 3.2 x 103 QO at room temperature, which is several orders
of magnitude lower that the value generally expected for amorphous sulfur-
based solids [39] and conventional amorphous chalcogenides used for data stor-
age [22], 24], 25, [40]. This value is even about one order of magnitude lower
than the recently reported sheet resistance of as-deposited CrGeTes thin film
[32] and comparable with those of GeCuyTes [29] and TiTe, [41]. Upon heating
to 300°C, the sheet resistance of the as-deposited MoSsy gradually decreased,

indicating a semiconductor character, with no observed phase transition until



the final temperature point. Surprisingly, all ex-situ samples annealed above
200 °C showed an increased sheet resistance, which is anomalous behavior for
amorphous chalcogenides excluding CrGeTes [32]. We found that the overall
electrical contrast between the as-deposited samples and samples annealed at
900 °C MoSs was roughly three and a half orders of magnitude at room tem-
perature, which is comparable to conventional phase-change materials such as
GeTe and GeaSboTes . As can be seen in Fig. 1B, the electrical contrast change
occurs in two steps, which are separated by a plateau that exhibits a gradual
increase in sheet resistance. The first abrupt one order of magnitude increase
in sheet resistance occurs between 300 and 400 °C while the second rapid two
orders of magnitude increase occurred between 700 and 900 °C.

Unlike the conventional phase-change devices, two well defined annealing
regimes result in large and reproducible electrical contrast between the low-
resistant (amorphous), intermediate-resistant and high-resistant states; these
states can be exploited to encode data in three logic states or so-called trits
707,717 and ”72”. As a result, the use of a ternary system in multi-level data
storage can serve to significantly increase storage density.

Typically, amorphous chalcogenide semiconductors undergo structural relax-
ation at elevated temperatures below their glass-transition temperature [42] [43],
which is associated with an increase in the electrical resistance, so-called "re-
sistance drift” [44]. This behavior is of special interest here because it cannot
be linked to structural relaxation towards the crystalline phase, which would
be expected to result in a decrease in resistivity. Fig. 1C shows the sheet re-
sistance of as-deposited MoS,; measured at three different temperatures for 6h,
namely 80, 140 and 180 °C to examine the thermal stability of the amorphous
low-resistance MoSs phase. We found that the resistance drift is thermally accel-
erated in a similar manner as observed in conventional Ge;SbyTes phase-change
alloys [44] however, in the case of as-deposited MoS, , the structural relaxation
results in a decrease in the electrical contrast between the low-resistance and
intermediate-resistance states, a trend opposite to that of GesSbyTe; . The

inset to Fig. 1C shows log-log plots of the sheet resistance increase with time.
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Figure 1: (Color online) (A) The temperature dependence of the sheet resistance over the
temperature range from 20 to 300 °C of the as-deposited and annealed MoSs in the range of
temperatures from 100 to 900 °C with step of 100 °C. (B) The evolution of the sheet resistance
measured at 20 °C for as-deposited and annealed MoSz samples. (C) Drift in sheet resistance

in as-deposited MoS2 were measured at 80, 140 and 180 °C for 6h.



Thermal acceleration of the resistance drift can be determined from the slope
of a linear function representing the rate constant with obtained values 0.018,
0.035 and 0.056 QCs~! for 80, 140 and 180 °C, respectively .

An explanation of the observed anomalous inverse electrical conductivity
between the as-deposited and crystallized MoSs thin films until 900 °C can be in
principle divided into three parts, namely 1) the origin of the high conductivity
of the as-deposited amorphous MoS; thin films, 2) the first abrupt increase in
the sheet resistance between 300 and 400°C and finally 3) the second rapid
increase in the sheet resistance above 700 °C.

Recently, we have shown that as-deposited stoichiometric amorphous MoS,
contains about 25% Mo-Mo homopolar bonds [35]. To unravel the role of these
Mo-Mo bonds in the electric conductivity at the atomic level, we have employed
a model of "melt-quenched” (MQ) amorphous MoSs obtained via AIMD simu-
lations using the VASP code [37]. Fig. 2 shows the melt-quenched-MoS; phase,
which was composed of 108 atoms in the simulation cell (36 Mo atoms and 72
S atoms). By careful analysis of the Mo-Mo bonds constrained using a bond
length cutoff of 3.2 A in the MQ model, we found that the Mo-Mo homopolar
bonds form multiple conductive paths through the amorphous phase. Because
Mo-Mo bonds have a metallic character, the formed clusters or conductive fila-
ments significantly improve the electron transport through the amorphous MoS,
phase. Thus, the electron conductivity in the amorphous MoSs phase is gener-
ally governed by percolation theory [45], where, in this case, the concentration
of Mo-Mo bonds affects the overall conductivity.

To verify the above idea of the role of the Mo-Mo homopolar bond concen-
tration on the sheet resistance, we performed XPS analyses of as-deposited and
annealed MoSs over a range of temperatures from 300 to 900 °C as shown in Fig
3. A recent analysis of the Mo 3d core level for as-deposited amorphous MoS,
revealed [35] a mixture of four doublets attributable to Mo(IV)-S in 1T’ - like
phase (magenta) containing Mo-Mo homopolar bonds with the binding energy,
Ep(3ds/2) = 228.8 eV [11], B6], Mo(IV)-S in 2H - like symmetry (light blue)
with Ep(3ds/2) = 229.3 eV [46], a weak signal attributable to Mo(VI)-O in



Figure 2: (Color online) The MQ-MoS2 amorphous phase modeled via molecular dynamic
using the VASP code. The red lines represent the formation of Mo-Mo paths. The bond
length cutoff is 3.2 A
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Figure 3: (Color online) XPS spectra (A) Mo 3d and (B) S 2p of the as-deposited and annealed
MoS2 in the range of temperatures from 300 to 900 °C.

11



MoO3 (green) with Ep(3ds5/2) = 232.93 eV [47] and molybdenum oxo-sulphides
Mo(IV)-O/S or Mo(V) (brown) with Ep(3ds5/2) = 230.3 eV [48, 49]. Satellites
in as-deposited MoSs derived from final state screening effects could also con-
tribute to the last component [50, [5I]. Broad bands at Ep(2s) = 226.5 eV
and Ep(2s) = 227.4 eV are attributable to S(II-) [1I] and (S),(II-) 2s [1],
respectively.

A detailed analysis of the Mo 3d core level (see Fig. 3A) disclosed that
the first decrease of the intensity signal attributable to Mo(IV)-S in 1T’ - like
symmetry appeared at 300 °C followed by the significant transformation of this
structural unit to Mo(IV)-S in 2H - like symmetry at 400°C. With further
increasing temperature, the contribution of the 1T’ - like symmetry gradually
decreases until 700 °C and above this temperature, the MoSs structure is exclu-
sively formed by the Mo(IV)-S in 2H - like symmetry units, which are typical
for the crystalline phase of MoSy [52]. The co-existence of both Mo(IV)-S struc-
tural units at different temperatures is better shown in Fig. 4A, where the 1T’
/ 2H MoS; ratio forms a characteristic sigmoid curve with a sudden sharp drop
in value observed in the temperature range 300-400 °C, which is exactly the
temperature range in which the sheet resistance abruptly increases. We can
therefore conclude that the extinction of Mo-Mo homopolar bonds, associated
with the transformation of 1T’ - like symmetry into 2H-like symmetry units,
plays a key role in the first abrupt increase in sheet resistance between 300 and
400°C.

The S 2p XPS spectra exhibit a similar trend as shown in Fig. 3B. The
main doublet with S 2p3,, core level at 162.1 eV corresponds to 2H-MoS; and
the second contribution shifted by -0.6 eV can be assigned to the 1T’-like phase
11, 53H55]. The ratio between these two S 2p components displays the same
trend as Mo 3d (Fig. 4B). A third component with S 2p3/, at 163 eV is necessary
to obtain a good fit for the spectra corresponding to lower temperatures. This
contribution is attributed to polysulphides (S), (-II)) with a variable number of
sulfur atoms in the chain [50].

The subsequent sharp decrease in the (S),,(-II)/S(-II) ratio at temperatures

12
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above 200 °C is associated with the formation of heteropolar Mo-S bonds. The
contribution of homopolar sulfur bonds in polysulfides linearly decreases with
increasing temperature in the range of temperatures from 300 to 700 °C; above
this temperature, all sulfur atoms are bonded solely to the Mo atoms and form
heteropolar Mo-S bonds, as demonstrated in Fig. 4C.

The evolution of valence band spectra (VB) of amorphous MoSs upon crys-
tallization is shown in Fig 5. The valence band of the as-deposited MoS, phase
is formed by two broad bands in the range of binding energies 0 - 10 eV, which
can be fitted by seven Gaussian peaks (see Fig. 5A). The VB spectrum of the
as-deposited phase remains similar even for MoSy annealed until 300 °C. Above
this temperature, the characteristic six major bands for the 2H MoS, phase ap-
pear as a consequence of the transformation of the 1T’-like to 2H-like structural
units and subsequent crystallization as shown in Fig. 5B. One can see that the
VB spectral shape is very similar for the temperature range from 400 to 600 °C,
while the subsequent increase in intensity of all bands occurs for temperatures
above 700 °C. We speculate that the latter phenomenon is associated with the
second sharp increase in sheet resistance. Focusing on the VB edge (see Fig.
5C), the VB edge of amorphous MoSs is positioned at 0.3 eV. Upon annealing
up to 900°C, the VB edge is shifted to 1.1 eV with the largest change being
measured between 300 and 400 °C. The shift of the VB edge in samples annealed
above 400°C is caused by the extinction of the first Gaussian band in VB of
amorphous MoSs , which perfectly corresponds to the dissociation of homopolar
Mo-Mo bonds, causing the first abrupt increase in the sheet resistance of MoSq
thin films.

Because the annealed structure above 700 °C is exclusively composed of het-
eropolar Mo-S bonds, as shown in Fig. 4, the second sudden increase in sheet
resistance cannot simply be explained by the change in bonding. Analysis of
the XRD patterns shown in Fig. 6 demonstrates that MoS, thin films appear
amorphous even after annealing at 600°C. Above this temperature, a broad
single reflection peak at about 20 =13.9 deg emerges from the amorphous back-

ground across the whole 26 range from 5 to 60 deg. The reflection peak is a

14
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good fit to the most intensive reflection peak along the (002) crystallographic
plane, which indicates that the amorphous MoSs begins to crystallize in the
2H-MoSs layered phase. With increasing temperature from 700 to 900 °C, the
Bragg reflection peak along the (002) crystallographic plane increases in inten-
sity and at the same time reduces the full width at half maximum from 2.03
to 0.42 deg which unequivocally demonstrates an increase in crystal size along
the c-axis. In addition, the peak position slightly shifts from 26 =13.9 deg to
20 =14.41 deg which can be related to a change in distance between S-Mo-S
triplets. The XRD pattern shown in Fig. 6 for the MoS, sample annealed at
900 °C is sufficiently sharp to identify easily additional Bragg reflection lines
along the (006) and (008) crystallographic planes which characterize the or-
dering of the two-dimensional layers into a well-crystallized multilayer of MoSq
with a strong preferential crystal growth of the 2H-MoS5 phase with out-of-plane
c-axis orientation [52].

The consequence of the amorphous to crystal transformation is the formation

of crystal grains and boundaries between them. In principle, the electrical con-

16



ductivity in polycrystalline materials is the sum of the conductivity through the
crystals and across the grain boundaries, which are usually orders of magnitude
more resistant than crystal interiors [57]. We believe that the grain boundaries
hinder the charge transport among crystal grains of MoSs and this effect should
be considered as the key factor of the second abrupt increase in sheet resistance.
A recent report on a charge carrier mobility in mono-layered MoS, can provide
alternative explanation [58]. The authors found that the charge carrier mobility
is sensitive to sulfur vacancies, which act as scattering centers and can thus be
responsible for its decrease by two orders of magnitude when the sulfur vacancy
concentration is increased from 0.1 to 3%. Since such a small shift in composi-
tion determined by XPS is at the level of fitting errors, it is also necessary to
take into account this contribution to the overall increase in the sheet resistance

of MoS, layers annealed above 700 °C.

4. Conclusion

In conclusion, through a combination of experimental and theoretical stud-
ies, we demonstrated - and provided an explanation for - an anomalous inverse
electrical conductivity change en route to the formation of the crystalline phase
upon annealing of as-deposited amorphous MoS, films. Namely, we found that
the high conductivity of as-deposited amorphous MoSs thin films is due to a
high concentration of homopolar Mo-Mo bonds that form conductive percola-
tion paths or clusters through the amorphous phase. The first abrupt increase
in sheet resistance by one order of magnitude between 300 and 400°C is at-
tributable to the dissociation of the homopolar Mo-Mo bonds accompanied by
the transformation of 1T’ - like symmetry local building units into 2H-like sym-
metry units. Finally, we attribute the origin of the second rapid increase in the
sheet resistance by two orders of magnitude starting from 700 °C to the grad-
ual formation of grain boundaries that may hinder the charge transport among
crystals of MoSs . The three-order change in electrical resistance suggests that

TMDC thin films can be used for phase-change storage devices.
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