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Abstract: In this study, we conducted research on manufacturing molybdenum (Mo) thin films by
a thermal atomic layer deposition method using solid MoO,Cl; as a precursor. Mo thin films are
widely used as gate electrodes and electrodes in metal-oxide semiconductor field-effect transistors.
Tungsten (W) has primarily been used as a conventional gate electrode, but it suffers from reduced
resistivity due to the residual fluorine component generated from the deposition process. Thus,
herein, we developed a Mo thin film with low resistivity that can substitute W. The MoO,Cl,
precursor used to deposit the Mo thin film exists in a solid state. For solid precursors, the vapor
pressure does not remain constant compared to that of liquid precursors, thereby making it difficult
to set process conditions. Furthermore, the use of solid precursors at temperatures 600 °C and
above has many limitations. Herein, H, was used as the reactive gas for the deposition of Mo thin
films, and the deposition temperature was increased to 650 °C, which was the maximum processing
temperature of the aluminum nitride heater. Additionally, deposition rate, resistivity change, and
surface morphology characteristics were compared. While resistivity decreased to 12.9 uQ)-cm with
the increase of deposition temperature from 600 °C to 650 °C, surface roughness (Rq) was increased
to 0.560 nm with step coverage of 97%. X-ray diffraction analysis confirmed the crystallization change
in the Mo thin film with increasing process temperature, and a certain thickness of the seed layer was
required for nucleation on the initial wafer of the Mo thin film. Thus, the molybdenum nitride thin
film was deposited after the 4 nm deposition of Mo thin film. This study confirmed that crystallinity
of Mo thin films must be increased to reduce their resistivity and that a seed layer for initial nucleation
is required.

Keywords: MoO,Cly; resistivity; metal ALD; thermal ALD; XRD

1. Introduction

Deposition is a method of coating a thin solid film of several micrometers onto the
surface of an object made from metal or plastic with metal particles in a gaseous state. In
terms of covering the surface of the object with a metal film, it can be considered to be
similar to plating, but the difference is in the state of the metal moving to the surface of the
object. Unlike the general plating process in which an object is immersed in a solution such
as an electrolyte in which metal is dissolved, and deposited with a metal film, deposition
creates a thin film with vaporized metal. Therefore, unlike the plating process, there is
an advantage in that there is no use of harmful chemicals or treatment of waste organic
matter. Deposition is divided into Chemical Vapor Deposition (CVD) and Physical Vapor
Deposition (PVD) according to the principles of creating metal vapor. CVD is divided
according to process pressure, state of injection source, energy source, etc. PVD has a
classification method according to the method of forming metal vapor (Table 1).
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Table 1. Type of deposition.

Fundamental Method Energy Source
Sputtering
. PVD
Physical Evaporation
Spin-on Liquid precursor
APCVD
CVD LPCVD
PECVD
Chemical PEALD
ALD
Thermal ALD
Electroplatin,
Plating P 8
Electroless plating

PVD is a method in which the energy applied to a desired metal material is converted
into kinetic energy, and the material moves and accumulates on a substrate to form a
thin film. PVD has a thickness of several nanometers to several thousand nanometers
and can be deposited regardless of the size of the substrate. PVD is divided into thermal
evaporation vacuum deposition, the sputtering method and the ion assisted method ac-
cording to the gas generation method. CVD is a method in which elements in a source
gas in the process chamber are chemically transformed into other elements that adhere
to and deposit on the surface of a wafer. CVD is one of the earliest semiconductor pro-
cesses and has evolved substantially over time. Methods that use thermal energy include
atmospheric pressure CVD and low pressure CVD, and methods that use plasma energy
include plasma enhanced CVD (using low density plasma) and high density plasma CVD.
Recently, however, the usage of atomic layer deposition (ALD) has been increasing and
active studies have been conducted domestically and internationally for manufacturing
next-generation semiconductors that integrate an increasing number of complex circuits
in smaller units. A self-limiting reaction is caused by the chemical adsorption on the
surface, which results in deposition of A-level thin films individually, allowing precise
thickness control. In addition, it is an essential deposition technology for next-generation
semiconductor manufacturing because its step coverage characteristics in fine patterns are
superior to CVD [1,2]. The ALD deposition technology is being explored vigorously in
research for its use in the development of miniaturized semiconductors and perovskite solar
cells. Originally employed to deposit insulating layers to control the flow of electrons, the
application of this technology has recently expanded to metal wiring processes as well. As
a next-generation semiconductor material, molybdenum (Mo) thin films possess excellent
physical properties of extremely high melting point, low thermal expansion coefficient, low
resistivity, and high thermal conductivity. Consequently, it is increasingly used to manufac-
ture semiconductor devices for diffusion barriers, electrodes, photomasks, power electronic
device substrates, and low-resistivity gates and connectors. These physical properties have
motivated researchers to achieve the deposition of Mo thin films characterized by high con-
formality and fast deposition rates tailored to efficient mass fabrication processes. Because
of their low resistivity, transition metals, such as Mo, are widely used as metal electrodes
in solar cells or semiconductors, where energy loss must be minimal [3-5]. Particularly,
Mo thin films are highly utilized as electrodes in the gate and metal-oxide-semiconductor
field-effect transistors (MOSFETs). A WFg precursor is used to deposit tungsten, which is
a traditional metal gate material. However, using WF¢ can leave a fluorine substance on
the wafer, which can affect semiconductor performance. Tungsten used in metal wiring
usually has a low resistance. However, if there is any foreign impurity, there is a risk of
an increase in its resistance value, and fluorine can cause etching by its nature [6,7]. To
solve this problem, Mo has been actively studied as a substitute for tungsten. Existing
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research on Mo thin films has focused on chemical vapor deposition (CVD) methods via
Mo-containing precursors and a reaction with hydrogen [8]. Recently, research on the
deposition of Mo thin films using the atomic layer deposition (ALD) method has become
increasingly popular as the integration of semiconductors has improved. Consequently,
studies on precursors for depositing Mo thin films have been on the rise. In the processes
prior to ALD, Mo-containing precursors were limited to a few selected and commonly
known Mo precursors, such as MoCls, Mo (CO)g, and alkylamine precursors. Recently
reported precursor combinations for the deposition methods of MoS; thin films include
Mo(COyg and H,S, Mo(CO)s and MeSSMe, and MoCls and H,S. However, these traditional
Mo precursors encounter several problems [9,10]. It is difficult to deposit pure Mo thin
films to replace tungsten either because they are very toxic materials or because Mo thin
films containing impurities have been deposited. Mo alkylamine precursors can contain
Mo with an oxidation state of +VI, which can cause problems during the deposition of Mo
thin films. Mo alkylamine precursors, in which Mo has a more desirable oxidation state of
+1V, are generally unstable and difficult to use. In addition, Mo alkylamine precursors are
relatively temperature sensitive and can decompose at low temperatures. This can lead
to the degradation of the Mo alkylamine precursor since relatively high temperatures are
typically required to promote crystalline film growth [11-13]. To date, Mo thin films have
failed to replace tungsten. Semiconductor manufacturers are currently facing a shortage of
Mo precursors to replace tungsten. In this study, we investigate the properties of Mo thin
films deposited using MoO,Cl, precursors to determine the feasibility of developing a Mo
thin film process applicable to metal wiring processes.

2. Experiments and Discussion
2.1. Experimental Method
2.1.1. Process Conditions for Molybdenum (Mo) Thin Film

In this study, a Mo thin film was deposited on a 12-inch wafer with silicon oxide. To
measure the resistance of the Mo thin film, a bare wafer must be deposited on an insulator,
where its resistance remains constant. The deposition equipment is an independently
developed thermal ALD facility (model no: I2FIT-Mo) with Ar as purge and carrier gas and
MoO,Cl, and H; gas as precursors and reactants, respectively. The processing pressure
was 11-20 torr, the deposition temperature was 600 °C to 650 °C, and the characteristics
according to the temperature gradient were evaluated. The MoO,Cl, precursor was solid.
Unlike liquid precursors, the surface area in the canister changed with the increase in
usage, thus a separate delivery system was organized to maintain the reproducibility of
the process evaluation. Experimental conditions, such as process parameters, are shown in
Table 2.

Table 2. Deposition experimental conditions (Mo).

Parameter Condition
Precursor Mo0O,Cl,
Reactant gas H,
Purge gas Ar
Carrier gas Ar
Pressure 11~20 Torr
Substrate 12 inch Si(100)/SiO, (1000 A) wafer
Process temperature 600~650 °C

The properties of the deposited Mo thin film were examined by the following analyses.
The thickness of the deposited Mo thin film was calculated by measuring 49 points on a
wafer using X-ray fluorescence (XRF). Rigaku Corporation’s MFM310 model was used for
XREF, and Mstech Corporation’s 4-point probe was used to measure the resistivity of Mo
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thin films. X-ray diffraction (XRD) (model: SmartLab) analysis confirmed the crystallinity
of the thin film, and X-ray photoelectron spectroscopy (XPS) (model: K-Alpha+) analysis
was performed to determine the degree of contamination due to O and Cl (impurities in
the membrane). Surface analysis according to process variables was conducted to compare
the surface roughness of Mo thin films by atomic force microscopy (AFM) (model: NX20)
analysis. To confirm step coverage in the pattern, a Mo thin film was deposited on a wafer
formed with a trench of an aspect ratio of 40:1 and step coverage was observed through
transmission electron microscopy (TEM) (model: Tecnai G2 F30 S-Twin) analysis.

2.1.2. Molybdenum-Nitride (MoN) Seed Layer Process Conditions

To deposit a pure Mo thin film, the oxide wafer surface was washed in deionized
water for 10 min and then dried. It was expected that the deposition rate would be too low
to grow a Mo thin film directly on the wafer, requiring a seed layer for initial nucleation.
MoN thin films have been utilized as seed layers in previous studies as they have been
demonstrated to be an antidiffusion barrier with excellent electrical and thermal stabilities,
facilitating early nucleation [14,15]. Table 3 shows the deposition conditions of the MoN
thin film deposited as a seed layer. It was deposited by thermal ALD using NHj3 as the
reaction gas. ALD is an excellent method for depositing MoN thin films because the nature
of the seed layer requires fine tuning.

Table 3. Deposition experimental condition (MoN).

Parameter Condition
Precursor MoO,Cl,
Reactant gas NH3; (10,000 sccm)
Purge gas Ar (3000 sccm)
Carrier gas Ar (100 sccm)
Pressure 3~5 Torr
Substrate 12 inch Si(100)/Si05(1000 A) wafer
Process temperature 600~650 °C

2.2. Experimental Results and Discussion
2.2.1. Deposition of the Molybdenum Nitride (MoN) Seed Layer

Figure 1 is a graph showing the effect of the MoN seed layer on the growth of Mo
thin film at a process temperature of 600 °C. The changes in thickness and resistivity with
and without MoN deposition were verified. The deposition cycle of the Mo film was fixed
at 280 cycles, and then the deposition cycle of the MoN film was varied. Mo thin films
did not grow with the Mo deposition alone or ten cycles of MoN deposition. The growth
of Mo with 20 cycles of MoN confirmed that a normal Mo thin film could only be grown
by depositing a seed layer on the oxide wafer surface. To deposit Mo ALD thin films, it
is critical to understand the mechanism by which the crystal nuclei on the wafer surface
are first created, followed by the crystals’ growth [16]. The rates of crystal nucleation and
growth are kinetic variables that determine the formation of the final crystalline material
and the crystal size distribution. Among them, the stage of crystal nucleation is the main
limiting factor for the kinetic reaction rate of crystallization. Crystal nucleation is divided
into primary nucleation and secondary nucleation. Primary nucleation is the aggregation of
particles (i.e., molecules, atoms, or ions) bound to a precursor to produce a crystal nucleus
and is divided into homogeneous nucleation and heterogeneous nucleation. Homogeneous
nucleation is a phenomenon where spontaneous nucleation occurs on the wafer surface
and by precursor molecules. Conversely, heterogeneous nucleation is a phenomenon where
crystallization is induced by impurities or foreign surfaces. The impurities or foreign
surfaces are often referred to as seed materials; the general catalytic effect of these seed
materials is to reduce the energy required for nucleation, thereby promoting an increase in
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the rate of nucleation. Secondary nucleation is a self-catalyzed reaction, in which a crystal
nucleus is produced in the presence of a homogeneous seed crystal material [17-20]. It is
expected that the MoN thin film is acting as a self-catalyst in the generation of Mo thin
films. Figure 2 shows the cross-sectional TEM analysis of a MoN/Mo thin film. An overall
increase in thickness is observed with increasing MoN deposition cycles. We observe a
thickness trend that is almost similar to the XRF thickness gauge results, as shown in
Figure 1. The chemical Equations (1) and (2) between MoO,Cl, precursor and NH3/H,

reaction gas are as follows:

MoO,Cl, (g) + NHj (g) — MoN (s) + 2HO (g) + HCL, (g)

2Mo0,Cl, (g) + Hy (g) — 2Mo (s) + 20 (g) + 2HCl, (g)
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Figure 1. Identification of the MoN seed layer’s influence on the Mo thin film (@600 °C).

Figure 2. TEM cross-sectional profiles of (a) MoN (40 cycles) (b) MoN (20 cycles) + Mo (280 cycles),
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(c) MoN (40 cycles) + Mo (280 cycles).
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2.2.2. Evaluating the Fundamental Properties of Molybdenum (Mo) Thin Films

Figure 3 shows the XRD analysis results of the Mo thin film as a function of the MoN
deposition cycle. In the figure, MoN ((110) and (200)) peaks were observed at 26 values of
36° and 45.5°, indicating that MoN thin films were deposited successfully. Furthermore,
the largest (110) peak at a 20 value of 41° was observed, suggesting that the deposited Mo
thin films form a cubic crystal structure [21]. Typically, Mo thin films have peaks of (200)
and (211) along with (110), corresponding to its secondary phase.

& Mo(110)
MoN 40cycle + Mo

30

& Mo(211)
MoN(110) [/| MoN(200) * “i‘}’ﬁoo) & Mo(221)
40 50 60 70 80 90

2 theta (degree)

Figure 3. X-ray diffraction analysis results of MoN/Mo (280 cycles) thin films.

Factors affecting the reactivity of the precursor and reactive gas in thermal ALD
processes include process temperature, the reaction time of the precursor and wafer, and
the amount of gas reacting with the precursor, which are the process parameters with
considerable impact on deposition characteristics [22,23]. Figure 4 shows the variation of
thickness and resistivity of MoN /Mo thin films with each process parameter. Figure 4a
shows the trend of thickness and resistivity when the source feeding time is increased from
1to 5s. It shows that as the source feeding time increases, the thickness of the film increases
and the resistivity decreases. Figure 4b displays the trend of thickness and resistivity
when the reactant H, flow rate is increased from 5000 to 15,000 sccm. It shows that as
the reactant H, flow rate increases, the thickness of the film increases and the resistivity
decreases. Moreover, Figure 4c shows the trend of thickness and resistivity when the source
carrier flow rate is increased to 100 sccm. It describes that as the source carrier Ar flow rate
increases, the thickness of the film increases and the resistivity decreases. It was found
that increasing the amount and time of reactants reacting with the wafer, increased the
thickness of the Mo film but did not improve its resistivity properties. The deposition rate
increases as the amount of source and reactant gas supplied within the chamber increases
with all deposition conditions being identical. If the residual source and reactant gases on
the wafer surface do not increase and thus are not sufficiently purged, the ideal self-limiting
reaction may not occur, and two or three layers of atoms may be deposited instead of
one. The resistivity is the intrinsic resistance of a substance. Although the value of the
resistivity is known for pure substances, resistivity can be calculated using various methods
for mixtures. As in this experiment, if a surface resistance meter with a four-point probe is
used, the resistance can be computed by multiplying resistance with thickness. The formula
for computing the resistivity is shown in Equation (3) below.



Coatings 2023, 13, 1070

7 of 14

450
400
350
300
250
200
150

Thickness (A)

100

50

450
400
350
300
250
200
150
100

50

Thickness (A)

450
400
350
300
250
200
150
100

50

Thickness (A)

Source carrier Ar flow (sccm)

(c)

140
—+—Thickness —+—Resistivity 1 120 é’
295 ®
1 100 Z-
=
204 80 =
158 1 60 E
| b=
24.2 1 40 E?
B 15.3 14.6 n 3
A 1 20
S -
1 1 0
1sec 3sec 5sec
Source feeding time (sec)
(a)
140
| —+—Thickness —a—Resistivity 1 120 g
i n
i 82.1 1 100 &
238 o
! A 204 180 =,
[ 201, //* g
| v \\\\ 41 60 %
I \\\ T 40 6
~15.3 13.9 20 3
- . —
1 1 0
5000 sccm 1000 sccm 15000 sccm
H, flow (sccm)
(b)
140
. ——Thickness —&— Resistivity 415
120
100
A 80
175
60
40
16.5 15.3 13.9
: A 5 20
. . 0
Carrier Ar (x) 50 sccm 100 sccm

(wo-gr) Aiansisay

Figure 4. Thickness and resistivity variation by process parameter for MoN (40 cycles)/Mo(280 cycles)
thin films. (a) Change in thickness and resistivity due to change in source feeding time, (b) Change in
thickness and resistivity due to change in reactant H; flow, (c¢) Change in thickness and resistivity
due to change in source carrier Ar flow.
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- Sample size coefficient for the sample with a diameter greater than or equal to
40 mm = 4.532

- Film thickness coefficient at approximately 400 um or less thickness = 1

- Temperature coefficient at 23 °C =1

Mo thin films benefit from their lower resistivity, which increases their use as gate
electrodes in MOSFET [24-27].

XPS measurements were performed to analyze the composition of Mo in the thin film
according to the process parameters (Figure 5). In all three conditions, about 5% to 6% of
the O component was found in addition to the Mo component. However, unlike the case
demonstrated in Figure 4, the trend of increasing concentration of the impurity O in the
film and increasing resistivity is not confirmed.
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Figure 5. XPS analysis results of MoN (40 cycle) /Mo thin film by process parameters: (a) Mo/O
concentration change in the film due to change in source feeding time, (b) Mo/O concentration
change in the film due to change in reactant H, flow, and (c) Mo/O concentration change in the film
due to source carrier Ar flow.

According to the literature, one of the most important process variables that can
improve the resistivity of Mo thin films is the deposition temperature [28]. A process
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temperature that is sufficient for the substitution reaction between TiCly precursor and
NH3 reaction gas is required to activate the self-limiting reaction. Generally, the depo-
sition temperature of Mo thin films deposited on the MoCls precursor using the CVD
method is between 500 °C and 800 °C [29]. In this study, the deposition characteristics
in the temperature range of 600 °C to 650 °C were investigated in detail, considering the
ALD deposition characteristics, process, and equipment margins. Carrier Ar, which is an
important parameter for deposition characteristics, was fixed at 150 sccm, and the reaction
gas Hp, was fixed at 15,000 sccm.

Figure 6 shows the variation of deposition rate and resistivity with increasing de-
position temperature. As the deposition temperature increased from 600 °C to 650 °C,
the deposition rate per cycle increased from 0.731 A to 0.787 A, and the resistivity char-
acteristics of the Mo film improved to 12.9 p()-cm. The lower resistivity value with the
increasing deposition temperature implied that the electrical properties of the Mo thin film
were improving with the increasing deposition temperature. It is known that resistivity is
affected by impurities in the film, film thickness, microstructure, composition ratio, etc.,
and the value varies depending on the formation conditions of the film. A previous report
has shown that for most metal thin films, the average grain size increases and the resistivity
improves with increasing deposition temperature [30]. Particularly, studies have shown
that an increase in deposition temperature of 100 °C improves the resistivity characteristics
by ~40% [31] for TiN thin films used as barrier metals.

0.9 17
— —e—depositionrate  —A—resistivity
%]
B 0.85 | 16 ]
g 2
< 038 7y
2 1152
e 075 <
= | =
S 07| 0.731 "5
" : — 2]
b4 13.5 T E
2 065 | A 113

0.6 12

600°C 620°C 650°C
Process Temperature (°C)

Figure 6. Variation of deposition rate and resistivity of MoN (40 cycles)/Mo (280 cycles) thin films
with increasing process temperature.

In the case of Mo thin films, which are crystalline conductive films, the greater the
crystallinity, the denser the structure. The crystallinity of the Mo thin film was increased
by increasing the process temperature to 650 °C. In this study, an aluminum nitride heater
was used, and the maximum temperature was set to 650 °C because it is difficult to control
the heater beyond that temperature owing to the heater characteristics. Therefore, it has
low thermal damage and considerable adhesion even at high temperatures during the
process, which are considered favorable characteristics for their use as a gate conductive
film [32]. Figure 7 is the analysis result of XRD measured at deposition temperatures of
600 °C to 650 °C to confirm the crystal structure of the MoN /Mo thin film. The largest
(110) diffraction peak at 20 = 41° was also observed at 620 °C and 650 °C, indicating that it
formed a cubic structure. As the process temperature increased from 600 °C to 650 °C, the
intensity of Mo (110) and (200) diffraction peaks tended to decrease, and the intensity of
Mo (211) and (221) diffraction peaks tended to increase. The reason for this was that the
deposition temperature increased and the thermal driving force that could form the Mo
thin film increased, changing the structure of the thin film [33,34].
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Figure 7. X-ray diffraction analysis of MoN (40 cycles)/Mo (280 cycles) thin films with increasing
process temperature. (a) process temperature 600 °C, (b) process temperature 620 °C, (c) process
temperature 650 °C.

It is known that the morphology of the surface is usually improved when the grain size
of the particles constituting the thin film is small. Therefore, increasing the nuclear density
can improve the morphology of the surface [35,36]. The higher the nuclear density, the
greater the amount that can change into a solid state, resulting in the occurrence of nuclei
at multiple sites. In other words, nuclei with different orientations are produced in several
places, forming several small grains. Nuclear density is largely affected by substrate type,
pressure, and temperature and is usually inversely proportional to wafer temperature [34].
In this study, AFM analysis was performed to confirm the surface morphology of Mo
thin films deposited at 600 °C or above to confirm the effect of deposition temperature
on surface morphology (Figure 8). Surface roughness (Rq) at 600 °C was 0.499 nm; Rq
at 620 °C was 0.513 nm; and Rq at 650 °C was 0.560 nm. These results confirmed that
the surface roughness increased further with increasing temperature. As the deposition
temperature increased, the columnar shape became more developed, and the grain size
increased. Thus, an increasing Rq might also be expected.
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Roughness Parameter (nm)
Ra 0.391
(a)
Rq 0.499
Ra 0.403
(b)
Rq 0.513
Ra 0.447
(c)
Rq 0.560

Figure 8. Surface morphology analysis results of MoN (40 cycles)/Mo (280 cycles) thin film with
increasing process temperature. (a) process temperature 600 °C, (b) process temperature 620 °C,
(c) process temperature 650 °C.

2.2.3. Molybdenum (Mo) Deposition on Patterned Wafers

In our experiments, the maximum process temperature of the ALD facility that can
be used was 650 °C, and the previous experiments confirmed a deposition rate of 0.787 A
per cycle and a resistivity of 12.9. With the miniaturization of semiconductor patterns,
improving step coverage characteristics is becoming increasingly important; particularly,
improving step coverage characteristics in high aspect ratio patterns is a crucial challenge.
To measure step coverage under the condition of a process temperature at 650 °C, a Mo
thin film was deposited on a line trench pattern with an aspect ratio of 40:1 (Figure 9).
The depth of the pattern used for step coverage measurement was 2400 nm, and the CD
was 60 nm. We measured the top, middle, and bottom sections and confirmed 97% step
coverage. Generally, as the deposition temperature increases, the thermal decomposition
increases, resulting in a decrease in step coverage. Thus, increasing the step coverage is
feasible if the amount of precursor is reduced and the process conditions are adjusted to
enhance the purge.
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Figure 9. Step coverage results for 40:1 pattern of MoN (40 cycles)/Mo (140 cycles) thin films at a
process temperature of 650 °C.

3. Conclusions

In this paper, we conducted a study of manufacturing Mo thin films using a solid pre-
cursor, MoO,Cly. In general, solid precursors have inconsistent vapor pressures compared
to that of liquid precursors, making it difficult to obtain process characteristics. Herein, we
developed a delivery system that kept the vapor pressure of the solid precursor constant
and supplied it to the chamber. Consequently, we successfully deposited Mo thin films at a
process temperature of 600 °C or above with our independently developed thermal ALD
system using MoO,Cl, precursors. While depositing Mo thin films, a certain thickness
of the MoN layer was required for initial nucleation on the wafer. In the fabrication of
Mo thin films deposited by thermal ALD, we investigated the differences in fundamental
physical properties because of the difference in deposition temperature and found that
the deposition rate increased, and the resistivity decreased as the deposition temperature
increased. The deposition rate per cycle of the Mo thin film deposited at 650 °C was
found to be 0.787 A, and the step coverage was identified as 97% (with an aspect ratio of
40:1). Further, this study found that an increase in the deposition temperature during Mo
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deposition results in greater thermal driving force, which modifies the structure of the Mo
film and increases crystallinity and thereby contributes to the resistivity drop.
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