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Thin films of molybdenum nitride (Mo,N) are prepared using sequential exposure of molybdenum hex-
acarbonyl [Mo(CO)g] and NH3 plasma in a plasma-enhanced atomic layer deposition (PEALD) reactor.
Several process parameters such as the deposition temperature, plasma power, and post-annealing con-
ditions are systematically investigated to achieve the best quality films. The superior growth kinetics is
evident with a significantly higher growth per cycle (GPC) value with lower incubation period for this
PEALD process (~1.1 A, ~36 cycles) when compared to thermal ALD (~0.3 A, ~63 cycles), both carried out at

Ilf;g:r\logi]si.n films 200 °C. The growth rate of the Mo,N film reveals a significant jump above 215 °C, indicating a severe
Mo(CO)s decomposition of Mo(CO)s, however, polycrystalline y-Mo,N films with face-centered-cubic structure are
Plasma power evident within the deposition temperature range of 200-230 °C. The sharp decrease in the resistivity of the
Resistivity as-grown Mo,N films is observed with increasing deposition temperature, film thickness, and plasma

Diffusion barrier power. The resistivity could be further lowered by a post-annealing process and the lowest resistivity of
~395 uQ cm is achieved for the thin film deposited with 300 watt plasma power and annealed at 700 °C.
Finally, the Cu-diffusion barrier capability of an extremely thin film (~7 nm) of as-deposited Mo,N is
evaluated in Cu/PEALD-Mo,N/Si structure. The X-ray diffractometry analysis confirms that such a thin layer
can successfully prevent the diffusion of Cu up to 500 °C and significant CusSi formation was observed only
at 600 °C and above. The gradual failure of the diffusion barrier upon annealing is further investigated using
electrical impedance (EI) analyses in two different modes. In-plane EI measurements directly indicate the
change in the Cu layer at the top, and the formation of CusSi can be inferred from the through-plane mode.
A comparison with PEALD and thermal-ALD-grown MoN, from EI analyses further reflects the superiority of
plasma-enhanced process towards fabricating diffusion barrier layer.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Transition metal nitrides (TMNs) and their thin films have been
extensively applied in the field of microelectronics and in several
industrial tools for a long time owing to their exciting physical and
mechanical properties [1-3]. In relatively more recent times, TMNs
have also played a significant role in the field of energy harvesting/
storage devices owing to their several excellent properties [4-6]. In
general, TMNs are of particular interest because of their low
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resistivity and high catalytic properties [7,8]. Among several other
TMNs (e.g. TiN, TaNy, WNy, etc.), molybdenum nitride (MoNy) also
finds potential applications as a hard superconducting material, and
in the field of renewable energy which includes secondary batteries,
supercapacitors, and as catalysts for H, production through water-
splitting [9-13]. Several stable phases exist for molybdenum nitride
that includes body-centered cubic (bcc) B-Mo,N, face-centered cubic
(fcc) y-Mo,N and hexagonal 5-MoN among which y-Mo,N could be
found to be the most common crystalline phase.

MoN, thin films were also successfully investigated as copper
(Cu) diffusion barriers [14,15]. Cu is commercially used as an inter-
connect material in the current semiconductor devices due to its
several excellent properties like low resistivity and high electro-
migration resistance. However, owing to its easy reaction with
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silicon (Si) to form copper silicide at a relatively low temperature
and hence requires a thin diffusion barrier layer of suitable material
like MoN,. On the other hand, as the size of the integrated circuits
continuously gets reduced, the barrier layer thickness must also
reduce in proportion and the dimension of it goes well below 10 nm
[16,17]. Therefore, preparing high-quality, stoichiometric crystalline
MoNy, thin films with precise thickness control at low deposition
temperature is of importance. As we already mentioned, a process
that delivers high-quality MoN, thin film could also be very useful
for several energy-related applications. The MoNy thin film was
mainly deposited by sputtering and chemical vapor deposition (CVD)
[18-24]. In the case of sputtering, typically, N, and Ar gas mixture
with various gas flow rates and metallic Mo target are employed.
While sputtering enabled the deposition at low/room temperature,
the deposited films sometimes suffered from high resistivity
(500-1,250 pQ cm) and amorphous phase [18,20]. However, sput-
tering also provides a easy room to deposit these films with different
amounts of N-content (or different crystalline phases) and even as a
mix-phase of Mo and MoNy [21-23]. On the other hand, CVD of
molybdenum nitride takes place at a relatively higher temperature
ranging from 300° to 850 °C. It typically uses MoFg, MoCls and Mo
(CO)e as precursors for the MoNy thin film deposition [24,25]. But, in
principle, it is considered that the line-of-sight physical vapor de-
position (PVD) process like sputtering has an inherent disadvantage
of poor step coverage and eventually fails to apply at higher aspect
ratios. Moreover, the exact control of thickness and uniformity of the
film are becoming more difficult issues as the barrier thickness is
reduced below ~10 nm. Although the CVD process can be applied to
give improved step coverage, it also suffers from other disadvantages
such as the incorporation of unintentional corrosive impurities in
the film like ClI and F and relatively high deposition temperature.

Apart from the above-mentioned methods, MoNy is also success-
fully deposited with atomic layer deposition (ALD), a technique capable
of controlling the film thickness up to sub-nm level with high uni-
formity and with excellent step coverage [26-28]. A self-limiting sur-
face reaction chemistry of ALD process where the reactants are dosed
separately into the chamber to grow a desired film, attracts significant
amount of research in recent times in the field of energy as well as in
semiconductor industries [29,30]. Despite a strong need, only a few
studies have been reported to develop ALD-MoN, processes. MoNy
films were earlier deposited with MoCls and 1,1-dimethyl-hydrazine
(DMHy) or NHs at a deposition temperature ranging from 350° to
500 °C [26,31]. It was shown that MoCls not only provided low re-
sistivity (below 500 pQ cm) MoNy films with reasonably low Cl con-
tent, but also could be used as a Cu-diffusion barrier up to ~600 °C.
Later, ALD of MoNy thin films were carried out using metal-organic
precursors, Mo(N'u),(S'Bu), and Mo(CO)s which enabled to avoid any
corrosive by-products during the reaction [27,28]. In addition, these
precursors enabled the film deposition at relatively lower deposition
temperature below 300 °C but also resulted in amorphous films. Our
recent studies further revealed that Mo(CO)g could be successfully used
to prepare MoNy films for several different applications [32-35].
However, these thermal ALD grown MoN, films generally contains
significant amount of oxygen in the film and hence the resistivity of
these films were found to be extremely high [35].

In this study, we evaluated the ALD of MoN, using NH3 plasma as
a reactant for the first time with molybdenum hexacarbonyl [Mo
(CO)e] as a Mo-precursor. To the best of our knowledge, there is no
report till date on PEALD of MoNy. Several process parameters like
deposition temperatures, different plasma powers, and post-an-
nealing of the as-grown films were carried out to find the optimal
ALD process to achieve the best quality thin film. Finally, the thin
film of MoN, was deposited in Cu/PEALD-MoN,/Si structure to verify
its diffusion barrier performance against copper and compared with
thermal-ALD grown MoNy films with the help of electrical im-
pedance studies.
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2. Experimental
2.1. Deposition

MoN;, thin films were deposited in a shower-head type ALD re-
actor (Lucida-M100, NCD Technology) on Si substrate with ~100 nm
thermally grown SiO, layer. In general, one ALD cycle consists of four
individual steps, namely the precursor injection pulse, precursor
purge, reactant injection pulse, and reactant purge. While mo-
lybdenum hexacarbonyl [Mo(CO)g] is used as a metal precursor here,
the reactant is ammonia (NH3) plasma. Mo(CO)g is a white powder at
room temperature with negligible vapor pressure and therefore, to
increase its vapor pressure, the bubbler containing this precursor
was kept at 40 °C. In addition, an overhead Ar gas (50 sccm) was
used as a carrier gas to carry Mo(CO)s smoothly into the chamber.
NHj; plasma (50 sccm) was generated by applying a radio frequency
(RF) powers of 100-300 watt (W) to the shower-head at the reactant
pulsing step to complete the reaction. The ALD chamber tempera-
ture was varied from 180° to 230 °C, and the working pressure was
maintained at 0.4 Torr. The basic ALD condition of this study was set
as follows; Mo precursor pulsing of 10 s, precursor purging of 10 s,
NHs plasma reactant pulsing of 10 s, and reactant purging of 10 s

2.2. Analysis of films properties

Various analytical methods were used to confirm the growth
characteristics and physical properties of MoNy thin films. The
thickness of the grown film was measured by cross-sectional field
emission scanning electron microscopy (FE-SEM, Hitachi S-4800
with the voltage at 10 kV). Phase and crystallinity of the MoNy thin
films were established by X-ray diffraction (XRD, PANalytical X'pert
PRO MRD with Cu Ka radiation at 1.5 kW). The sheet resistances of
the films were measured using a four-point probe. X-ray photo-
electron spectroscopy (XPS, ESCALAB 250 spectrometer at the Korea
Basic Science Institute Busan) using an Al K, source was used to
confirm the surface composition, impurity, and the oxidation state of
molybdenum and nitrogen. The diffusion barrier test sample was
prepared by removing the native oxide (SiO,) on Si wafer by 10 min
HF treatment and then growing a MoN, thin film followed by de-
positing ~7 nm Cu layer on top of it. Plan-view and cross-sectional
view transmission electron microscopy (TEM, Hitachi HF-3300)
analysis for the as-grown Mo,N films and Cu/MoN/Si structure was
performed to confirm the microstructure and the desired thickness
of the ultrathin barrier layer, respectively. To improve the physical
properties and crystallinity of the MoNy thin film, annealing was
carried out in a rapid thermal annealing furnace (RTA, Infovision,
halogen lamp as the heating source) system under H, (20 sccm)
atmosphere at 500-700 °C for 10 min. The diffusion of Cu at various
temperature was monitored by analyzing the formation of copper
silicide using XRD, and electrical impedance measurements.
Impedance measurements were recorded in both in-plane and
through-plane modes, the spectra were recorded with an alternating
current root-mean-square (rms) amplitude of 5 mV in the frequency
range of 0.1-50 mHz and with a data collection interval of 10 points
per decade.

3. Results and discussion
3.1. Growth of MoN, using Mo(CO)s and NH3 plasma

The thermal stability of the Mo(CO)s precursor was first eval-
uated by varying the deposition temperature in the range of
180-230 °C (Fig. 1a). Under the basic pulsing condition (precursor
pulsing of 10 s, reactant pulsing of 8 s, precursor and reactant pur-
ging of 10 s), by measuring the thickness of MoNy films, the growth
per cycle (GPC) is estimated. When the deposition temperature was
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Fig. 1. (a) GPC as a function of ALD chamber temperature and (b) the thickness of PE- and thermal-ALD MoNy films grown at 200 °C as a function of the number of ALD cycles
showing significantly higher GPC with lower incubation period for PEALD process. Thermal ALD data is taken from reference [34| for comparison.

180 °C, the GPC was found as ~0.074 nm. Increasing the deposition
temperature to 200 °C, the GPC increased to a value of ~0.11 nm.
Similarly, the GPC did not increase drastically when the deposition
temperature becomes 215 °C. However, a further increase in the
deposition temperature to 230 °C results in a quantum jump in the
GPC (~1.21 nm), indicating that the severe/complete decomposition
of Mo(CO)s at this temperature under this reaction condition. The
earlier report from our group on thermal ALD of MoN, using this
precursor discussed in detail about the decomposition related issues
associated with Mo(CO)s [35]. However, a significant change in the
growth kinetics when NHs plasma is used in place of its gas can be
easily comprehended. Here, one should also notice that the variation
in the GPC values of the films grown within a deposition tempera-
ture of 180-215 °C might be considered as ALD-like deposition when
compared to the extremely high GPC (~1.2 nm) beyond 215 °C.
Therefore, though there might be a fraction of CVD type growth in
this process even at the lower limit of the deposition temperature,
we consider a predominant PEALD process at least up to 215 °C. It is
also noteworthy to mention here that the Mo(CO)s precursor and
NHs; molecules (thermal ALD) delivered a much lower GPC of
~0.03 nm at 200 °C. Next, the linearity of thin-film growth is de-
monstrated by depositing MoN, at 200 °C with an increasing
number of ALD cycles (Fig. 1b). For comparison, the figure also in-
cludes the growth linearity during thermal-ALD of MoNy at the same
deposition temperature. Both of the curves show a linear depen-
dence of the film thickness with the number of ALD cycles with a
significant difference in GPC and the incubation period. While the

incubation cycles number was found to be ~36 during PEALD, it was
estimated around 63 cycles for thermal-ALD. Hence, the incubation
period identified with the PEALD process was significantly lower
than that of our earlier reported process of thermal ALD-MoN, [35].
Therefore, the presence of plasma not only enhances GPC sig-
nificantly but also influences the overall reaction kinetics (including
the initial nucleation process) when compared to its thermal ALD
counterpart. Next, we have studied in detail the film’s properties
(crystallinity and resistivity) depending on a few process parameters
and after post-annealing. The deposition temperature was primarily
chosen as 200 °C for detailed studies at the rest of the work in-
cluding the Cu-diffusion barrier application. However, the pre-
liminary properties (resistivity and crystallinity) were also evaluated
of the as-deposited films grown above 200 °C.

3.2. Properties of PEALD-MoN,, and post-annealing

The electrical resistance of the deposited thin film is one of the
important criteria for the application in the diffusion barrier to Cu.
Therefore, the resistivity of the as-grown MoNy films was studied in
detail. The resistivity of these PEALD grown thin films was de-
termined by multiplying the sheet resistance measured on a 4-point
probe by the thickness of the film determined from the SEM analysis.
Fig. S1 shows a couple of cross-sectional view SEM images of the as-
grown MoNy films on Si/SiO, substrates deposited at two different
temperatures with two different cycles. Uniform, continuous, pin-
hole free dense films are evident from these images. Fig. 2a shows
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Fig. 2. (a) The resistivity and (b) corresponding X-ray diffraction (XRD) patterns of PEALD-MoNy thin films grown at 200 °C with the thickness which can be controlled by the

number of ALD cycles.
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the resistivity on as-grown MoNy thin films as a function of the film
thickness (deposited at 200 °C). The resistivity significantly de-
creased from ~4,500pQcm to ~3,100pQcm with increasing the
thickness from ~15-100 nm by varying the ALD cycles from 150 to
1,000 cycles. The reduction in the resistivity is more at the beginning
and the variation is expected to slow down reasonably beyond film
thickness of ~100nm. The resistivity of these as-grown films at
200 °C is still high above the bulk/lowest resistivity of pure Mo,N
films reported earlier. Nevertheless, the resistivity was also observed
to decrease rapidly with increasing deposition temperature (Fig. S2).
The sharp reduction in the resistivity could lead to a value as low as
~665 pQ cm for the film grown at 230 °C. A similar observation was
earlier reported during ALD of MoNy using MoCls and Mo(CO)g
[31,35]. However, keeping in mind the severe decomposition of the
precursor at this temperature, one may think of some potential
applications where extremely controlled, smooth, conformal film is
not required. If a bulk (thick) film with somewhat rough surface does
not limit one’s applications, a CVD-like growth with this recipe
would be better. A similar decreasing trend with an increasing
thickness (ALD cycles) was observed with resistivity values for the
films grown at 230 °C as shown in Fig. S3 and a lowest resistivity of
less than 400 pQ cm could be achieved for a film with a thickness
above 150 nm. Fig. S4 shows a cross-sectional view SEM image of a
thick MoNy film (~140 nm) grown at 230 °C revealing a relatively
rough surface but the dense film is evident. We have also measured
these sheet-resistances over time and observed a nominal increase
in the values after 24 hr as shown in Table S1. Thereafter, the further
changes are truly negligible indicating that the films are quite stable
in the atmosphere with a minimum surface contamination (or oxi-
dation) at the beginning. Finally, it is noteworthy to mention here
that the measured resistivity values are far lower when compared to
MoNy thin films deposited with thermal ALD, which was ~420 m
Qcm for the film deposited at 200 °C. This clearly suggests that
MoNy thin film deposited with PEALD are of much superior electrical
properties than that of thermal ALD using Mo(CO)s precursor.
Thermal ALD-grown MoNy (at 225 °C and above) could provide a
similar order of resistivity (~3,900 pQ cm) only after post-annealing
at a high temperature of 700 °C in NH; environment.

The XRD patterns of as-grown PEALD-MoN, on the Si/SiO, sub-
strate were obtained in a GIAXRD configuration in the 20 range of
20-80°, the results are displayed in Fig. 2b. As the thickness of the
thin film increases from 15nm to 100 nm, the XRD peak intensity
increases linearly. The XRD results showed three distinct peaks
centered at around 37°, 43°, 63° which could be matched to (111),
(200), and (311) planes, respectively, of y-Mo,N. This indicates that
the as-grown films using PEALD gives rise to well-defined poly-
crystalline phase of molybdenum nitride and it further confirms the
higher quality film formation when NHs plasma is used as a reactant
in place of NH; molecules (or thermal ALD). A similar observation
has been seen for thermal-ALD/PEALD of MoS, using Mo(CO)s.
Therefore, unlike to thermal ALD, the presence of plasma not only
brought down the deposition temperature but also helped to form
crystalline film even at 200 °C. The XRD profiles at different de-
positions temperatures are also shown in Fig. S5 which reveals an
increase in the crystallinity of the films with increasing deposition
temperatures. The variations in the properties (both resistivity and
crystallinity) might appear due to the different thicknesses of the
films (all the films are grown with same ALD cycles which leads to
thicker films at higher deposition temperature). However, the lower
resistivity films at higher deposition temperatures should also come
from a better quality of the films at that temperature and such ob-
servation are not uncommon. Further, the plan view TEM analyses
are carried out to unveil the microstructure of the films as shown in
Fig. 3 for the as-grown films deposited with 100 W power. The
bright-field (BF) TEM images at different magnifications (Fig. 3a-c)
show a uniform distribution of the crystal grains in the film with an
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average size of ~15-30 nm. Though a similar kind of microstructure
was observed earlier for PEALD grown Mo,N using Mo
(N'Bu),(S'Bu),, the average grain size estimated in the current study
is considerably higher [15]. In addition to these BF-TEM images, one
dark-field TEM image is shown in the inset of Fig. 3a depicting fur-
ther the crystalline nature of the film. Moreover, the selected area
electron diffraction (SAED) pattern of the film is included in the inset
of the Fig. 3c. It reveals the polycrystalline nature of the film, which
generates co-centric bright diffraction rings, ascribed to the three
major planes, (111), (200), and (220) of y-Mo,N.Finally, the high-
resolution TEM (HR-TEM) image clearly exhibits the crystal lattice
and the corresponding planes could be determined from the d-
spacing calculation as shown in Fig. 3d.

The PEALD-Mo,N process was further performed as a function of
plasma power at a fixed deposition temperature (200 °C). Fig. 4a
shows that as the plasma power increases from 100 to 300 W, the
resistivity of the deposited film decreases from ~4,200-1,900 pQ cm.
The use of NH5 plasma generates highly reactive radical species such
as NH,*, H*, N*, Hy* and electrons, which will improve the overall
reaction kinetics during the film’s growth [36,37]. The intensities of
various species and electrons increases with increasing plasma
power which is believed to improve the overall films properties.
Fig. 4b shows the results of XRD analysis of the MoNy thin films
deposited at plasma powers of 100, 200, and 300 W. It is evident that
at the higher plasma powers (200 and 300 W), the as-grown films
form similar Mo,N structure which was also observed earlier with
100 W. However, it could be now seen that there is a considerable
increase in the XRD peaks reflecting an improvement in the crys-
tallinity of the grown thin film with increasing plasma power from
100 to 300W. The decrease in film’s resistivity with increasing
plasma power was also observed during reactive dc magnetron
sputtering of the Mo,N thin films [19]. The increase in the reactive
species with increasing plasma power will aid in the formation of
highly dense film and consequently results in the improvement in
the thin film resistivity with the increase in the plasma power. The
BF-TEM images obtained for the films deposited with different
plasma powers (Fig. S6a, c, e) reveals the formation of more densely
packed grains with increasing plasma power while the similar
polycrystalline nature of the films remain intact (Fig. S6b, d, f).
Therefore, higher plasma power is more effective to deposit Mo,;N
thin films in PEALD and the current experimental set-up highest
plasma power of 300 W provides a denser film with better crystal-
linity and lower resistivity.

Next, we want to explore the effect of N/H, mixture plasma (at
highest plasma power possible, 300 W) on the as-grown film’s re-
sistivity. As higher plasma power is expected to grow the films at a
relatively lower temperature, the variation of co-reactants was in-
vestigated at a deposition temperature of 180 °C with 500 ALD cy-
cles. Fig. 5 shows the resistivity of the as-grown films deposited with
different plasma. The highest resistivity of ~5,0001Qcm the film
was obtained with NH3 plasma and once it is replaced with N/H,
mixture plasma the resistivity decreases significantly as can be seen
from Fig. 5. Three different ratios with increasing H, percentage
were further carried out and it was observed that the film resistivity
was continuously decreased with decreasing N, to H; ratio. While ca.
1,964 nQ cm resistivity was obtained with (1:3) Ny/H,, the lowest
resistivity of ~627 uQ cm was achieved with (1:10) Ny/H, mixture
plasma. However, lowering the resistivity using mixture plasma
might also lead to change the overall composition/phase of the film
making a combination of MoCxNy or even Mo,C. A mixture plasma of
N>/H, is known to give such films during ALD performed with metal-
organic precursor [38]. To know the detailed composition, XPS was
performed for the films grown with NH3 plasma and with two dif-
ferent ratios (1:3 and 1:10) of N,/H, mixture. The complete survey
spectra before and after Ar sputtering (for 60 s) of the as-grown films
deposited with NH; plasma is shown in Fig. S7. Along with Mo and N
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Fig. 3. (a-c) Bright-field TEM images with three different magnifications of the Mo,N film deposited with 100 W plasma power and in inset of (a) the dark-field image, (c) the
SAED pattern, (d) HRTEM image of the same film showing the different crystal planes of Mo,N.

5000

C))

4000 -

w0

o

o

o
1

Resistivity (uQ2-cm)

2000 -

1000

100 200 300

Plasma Power (W)

(b)

Mo,N (111)
)
. Mo,N (220)

Mo,N (200)
... Mo,N 311)

Intensity (arb. units)

20 30 40 %0 6 70 80
2Theta (degree)

Fig. 4. (a) The resistivity and (b) X-ray diffraction (XRD) patterns of PEALD-MoNy thin films (grown at 200 °C) as a function of plasma power.

peaks, O 1s and C 1s peaks were clearly identified in the spectra for
the film without sputtering. It is very much expected that these
elements would be present as a surface contamination at the top of
the film and hence an Ar sputtering of a few nm of the film is re-
commended. While the peak corresponds to C was almost dis-
appeared after etching the film’'s surface with Ar sputtering, a less
intense peak for O 1s remains after sputtering. The presence of O in
the near-surface or bulk of the film might come from the CO ligands
of the Mo-precursor or the oxygen diffusion while the film was

exposed to the environment. However, as there was not considerable
C in the bulk of the film, the most probable source of this O is ex-
ternal and not from the precursor. Fig. 6 further shows the high-
resolution XP-spectra of Mo 3d, Mo 3p-N1s, and C 1s of three dif-
ferent samples. The spectra were recorded after Ar-sputtering to
avoid surface contamination and to have more precise information
about the actual composition of the respective film. For the sample
deposited with NH3 plasma, two strong peaks appear at approxi-
mately 228.9eV and 231.9eV due to the Mo 3d orbital electrons
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(Fig. 6a) in the Mo-N bond of Mo,N corresponding to Mo 3ds/, and
Mo 3ds, respectively. There was not any noticeable shift of these
peaks for the sample deposited with (1:3) N/H, mixture plasma.
However, both of these Mo3d peaks shifted to lower binding en-
ergies indicating molybdenum carbide formation when the film was
grown with (1:10) N,/H, mixture plasma. The center of the peaks for
Mo 3d orbital electrons located at BEs of 228.4 and 231.4 eV corre-
sponding to 3ds;, and 3ds,, respectively could be considered to the
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XPS peaks coming from Mo-C [39]. Therefore, the XPS analysis of
Mo3d peaks indicates the formation MoCiN, with N,/H, mixture-
plasma as a co-reactant.

More convincing information could be further drawn from
Mo3p-N1s high-resolution XPS. Two distinct peaks shown in Fig. 6b
at 394.8 eV and 397.1 eV can be assigned to of Mo 3ps, and N Is,
respectively, of the Mo-N bonding for the sample deposited only
with NH3 plasma. Now, when N,/H, mixture plasma was used, while
the BE position of the N1s (at ~397.1 eV) peak does not shift but the
intensity of this peak is found to reduce continuously. Considerably,
less intense peak correspond to this N 1s electron was observed for
the film grown with (1:10) N»/H, mixture-plasma. The reduction in
the intensity of the N 1s peak could be clearly comprehended with
respect to its corresponding Mo 3p peak. On the other hand, a clear
and similar shift towards the lower BE position of 394.2 from
394.8 eV for Mo 3p3), with increasing N,/H, mixture plasma further
confirming the formation of Mo-C bond in the films. Finally, the XPS
of C 1s ensures the molybdenum carbonitride formation (Fig. 6c).
While a very broad, not well-defined peak was observed for the film
deposited with NH3 plasma corresponding to C 1s, it could be as-
signed to some impurity related C-C bond (graphitic carbon at
284.6eV) in the film. Once NHs is replaced with N,/H, mixture
plasma [with (1:3) ratio], a slight increase in the intensity of the C 1s
peak could be inferred. However, a sharp well-defined peak at re-
latively lower BE of ~282.8 eV was identified for the film deposited
with N,/H, ratio of 1:10 and this peak could be ascribed to Mo-C
present in molybdenum carbide [40,41]. The presence of C 1s in the
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Fig. 6. High-resolution X-ray photoelectron spectroscopy (XPS) of (a) Mo 3d, (b) Mo3p-NT1s, and (c) C 1s spectra for the films grown with NH3 plasma, and with two different ratio

of N,/H, mixture plasma as a co-reactant.
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form Mo-C could be further realized by comparing this peak before
and after the Ar-sputtering of the films. While C is more of an im-
purity on the film’s surface deposited with NHs; plasma, a con-
siderable presence C 1s with a shift towards lower BE in the bulk of
the film (deposited with Ny/H, (1:10) plasma) is evident (Fig. S8).
Thus, the XPS analysis reveals that by replacing NH5 plasma with N5/
H, mixture plasma, we can preferably convert the films from pure
Mo,N and to MoCNy and the later would possess lower resistivity
than the former. A recent study on CVD of MoCyN, using Mo(CO)s
showed an extremely low resistive film preparation for super-
conducting applications [42]. Therefore, the resistivity of the nitride
films would be further reduced by incorporating a controlled
amount of C into the film. However, unlike to this study, the car-
bonitride films were evident only with NHs. But, PEALD could pro-
vide us the opportunity to grow high-quality Mo,N films as well as
MoCkN, using different co-reactants. The current work is mainly
being focused on molybdenum nitride deposition, and the detailed
study of preparing MoCxN, can be considered as a future extension
of it.

Though the resistivity of the Mo,N films could be further reduced
by varying the co-reactant, but it does not allow us to form pure
molybdenum nitride phase. Therefore, to achieve the low resistivity of
these pure Mo,N films, the effect of post-annealing of the as-grown
PEALD MosN thin films (deposited with NH3 plasma) was evaluated.
To do so, the films were heat-treated in rapid thermal annealing (RTA)
for 10 min in a hydrogen environment. The heat-treatment was per-
formed at 500-700 °C for the Mo,N thin films grown with 100 and
200 W, whereas, for Mo,N thin-film deposited with 300 W, the an-
nealing was done up to 900 °C. Fig. 7a shows the resistivity of Mo,N
film as a function of annealing temperature. For all of the samples
grown with different plasma powers, the resistivity decreases with
increasing annealing temperature and at 700 °C, the resistivity value
of all of them is found to be similar (~395 pQ cm). Such a low re-
sistivity of the Mo,N thin films will help in applying them in several
potential applications either in semiconductor devices or in energy
harvesting/storage devices. However, as the highest resistivity of the
as-grown film was observed at 100 W plasma power, hence, the rate
of change in the resistivity value of this sample with annealing tem-
perature was also highest among three samples. However, 700 °C
would be considered as an optimum annealing condition to achieve
the Mo,N films with the lowest resistivity irrespective of their initial
growth conditions. On the other hand, it is recommendable to prepare
the samples by PEALD with 300 W for this particular process for
better quality as-grown films. Keeping this fact in mind, we prefer to
anneal the samples grown with 300 W, even at higher temperatures
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of 800 and 900 °C and measured their resistivity. The results show
that the resistivity value does not change considerably at 800 °C but
further annealing at 900 °C increases the resistivity of the annealed
films. XRD analysis was conducted to determine the cause of the in-
crease in resistivity of this film and Fig. 7b shows the XRD analysis of
Mo,N thin films deposited at 200 °C and 300 W after annealing. While
the intensities of the XRD peaks corresponding to Mo,N increase
upon annealing, a new peak also starts appearing at and beyond
600 °C. This peak corresponds to the MoO, phase which becomes
severe for the sample annealed at 900 °C. The presence of O impurity
in the film leads to such oxide phase formation at high temperature
which in turn increases the resistivity. From the high-resolution XP-
spectra of O 1s before and after Ar-sputtering of the as-grown Mo,N
film, one can realize the presence of the O not only in the form of
adsorbed OH or CO but in Mo-O (BE centered at ~530eV) inside the
film (Fig. S9). Therefore, annealing beyond 700 °C leads to formation
of crystalline-MoO, and this temperature should be considered as an
optimum temperature for annealing the Mo,N films to achieve the
lowest resistivity.

3.3. Diffusion barrier performances of ALD-MoNj films against Cu

We have further evaluated the diffusion barrier properties of the
as-grown PEALD-Mo;N thin films (deposited at 200 °C and 100 W)
against copper. The experiments were performed on Si substrates
after removing the native oxide from the substrate through a 5-
minute treatment in HF solution. The barrier layer thickness of Mo,N
was ~7 nm, and Cu (~62 nm thickness) was deposited on top of it
through sputtering. Fig. 8a shows the cross-section TEM image of the
diffusion barrier test sample. In the TEM image, one can easily see
that a very uniform layer (thickness) of Mo;N thin film is deposited
on the Si substrate. Once these samples were successfully prepared,
they are annealed at different temperatures ranging from 400° to
700 °C to realize the performance of the barrier layer. Fig. 8b shows
XRD patterns of the as-prepared and annealed Cu/PEALD-Mo,N/Si
structures to evaluate the diffusion barrier properties. In the case of
as-deposited sample, all of the XRD peaks from Cu film and Si sub-
strate were detected but no peak could be identified corresponding
to Mo,N film owing to its extremely low thickness of ~7 nm. How-
ever, the energy dispersive spectra (EDS) confirms the presence of
Mo along with other elements (Cu, Si) (Fig. S10) and the N could not
be detected probably due to its low atomic weight and hence less
sensitivity towards this measurement. When the annealing was
performed at 400 °C, no new XRD peaks due to any change in the
structure were observed at all, but the intensity of the peaks related
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and (d) comparison of PEALD and thermal ALD MoN thin film for Cu diffusion barrier performance by the measurement of through-plane mode. Thermal ALD data is taken from

reference [34] for comparison.

to Cu increased considerably with a significant reduction in full
width at half maximum. This result indicates that the increase in the
crystallinity and grain size of Cu due to heat treatment was evident
while the MoyN layer successfully served as a barrier layer against its
diffusion into Si. There were no further changes even after annealing
this structure at 500 °C. However, when the 550 °C heat-treated
sample was analyzed by XRD, a new peak is formed which can be
ascribed as n"-CusSi. This confirms that the failure of the barrier
layer has commenced at this temperature. But the low intensity of
this copper silicide peak also hints at a very low degree of damage in

the structure. Failure of diffusion barrier properties causes some Cu
to diffuse through the Mo,N layer to react with Si to form a CusSi
phase. The failure of the barrier layer only becomes severe as the
annealing temperature is increased further up to 700 °C leading to
form a more intense and new XRD peaks corresponding to CusSi
phase. This study, once again, demonstrated that PEALD-Mo,N had
much better diffusion barrier performance when compared to
thermal-ALD grown MoNy films using the same Mo(CO)g precursor
[35]. However, it was confirmed that the diffusion barrier properties
were inferior to those of other ALD processes and sputtering [14,15].
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3.4. Electrical impedance analysis on the diffusion barrier performance
of the MoN thin films against Cu

The Cu diffusion barrier characteristic of Mo,N thin-film fabri-
cated by PEALD is also evaluated using electrical impedance (EI)
analysis. The results obtained are then compared with MoNy thin
film deposited by conventional thermal ALD [35]. The Cu diffusion
and the consequent formation of CusSi with temperature results in
the failure of the devices, and this can be evaluated using im-
pedance measurements with in-plane and through-plane modes.
The electrical contact with the Cu/PEALD-Mo,N/Si sample is es-
tablished using the silver paste as shown in Fig. S11. The in-plane
mode (Fig. S10a) measures the impedance (resistance) of the Cu
thin-film above the ~7 nm thick PEALD-Mo;N barrier layer on the
silicon substrate. With high-temperature-annealing, the Cu will
diffuse to the Si substrate due to the failure of the barrier layer. This
results in the loss of in-plane electrical contact because of the
formation of crack, loss of Cu, and other changes in the phase, and
this is generally reflected in the in-plane mode of impedance as the
appearance of a semi-circle or very high impedance. However, in
the through-plane mode (Fig. S10b), the electrical characteristic is
dominated by the dielectric nature of the silicon substrate, and the
failure of the Cu diffusion barrier layer can be inferred from the
change in the capacitive behavior (imaginary impedance) of the
device. Fig. 9a shows the impedance spectra (Nyquist plots) of Cu/
PEALD-Mo,N/Si sample recorded in the in-plane mode of mea-
surement. The spectra are dominated by the resistive characteristic
(real impedance) of the Cu metallic film. A frequency-independent
impedance (constant impedance values at all measured fre-
quencies) is observed for all the samples, however, with increasing
annealing temperature the real impedance (x-axis values) first
decreases, and then shows an increasing trend. The 500 °C an-
nealed sample shows the lowest resistance and it might be due to
the better metallic characteristic (fewer surface oxides) or favor-
able phase/crystalline nature (increase in the grain size) of the Cu
coating after 500 °C annealing. Such observation in the impedance
measurement is in good agreement with the XRD analysis which
shows an enhanced crystallinity of the sputtered Cu layer at the
beginning. On the other hand, higher values of real impedance for
samples annealed beyond 500 °C is due to the loss of Cu by diffu-
sion to Si substrate at a higher temperature, which results in the
crack or non-conducting phase formation within the Cu film. It
should be noted that the extent of Cu diffusion is negligible even
after the high-temperature annealing, and hence the impedance
feature is dominated by the conductivity of Cu. Even though the
impedance spectra are dominated by the resistive characteristic of
metallic copper, a minor stray capacitive behavior is also evident in
the spectra (inset to Fig. 9a). This minor capacitive contribution is
from the surface oxides/grain boundaries etc. of the Cu film. Fig. 9b
shows the comparison of Cu diffusion barrier property of Mo,N
thin-film grown by PEALD and thermal ALD. The Cu film thickness
(~63 nm) and Mo;N barrier layer thickness (~7 nm) are maintained
approximately the same for a better comparison of the two. The
sample annealed at 400 °C exhibits predominately resistive char-
acteristics in the in-plane mode of impedance measurement for
both thermal and the PEALD grown MoN, barrier layer. However,
samples annealed at 500 °C and 600 °C show completely different
results with PEALD and thermal ALD grown barrier layer. In the
case of the PEALD grown Mo,N barrier layer, the impedance spectra
are dominated by the resistive characteristic of Cu contact (real
impedance, which is frequency independent), whereas, the thermal
ALD grown MoN, samples show semi-circles in the Nyquist plots.
This is due to the complete failure of the MoNy barrier layer pre-
pared by thermal ALD, which results in the loss of Cu from the
surface of the device, and the formation of a non-conducting path
in the in-plane measurement.
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The through-plane impedance spectra of Cu/PEALD-Mo,N/Si
samples annealed at different temperatures are shown in Fig. 9c. In
contrast to the in-plane measurement, here the Nyquist plot is
dominated by the capacitive behavior of the sample, mainly from the
silicon. All the samples show semi-circles in the Nyquist plot due to
the coupling of the resistive and capacitive path at different applied
AC voltage frequency. Annealing at elevated temperature results in a
decrease in the size of the semicircle. Similar results are reported for
MoNy, film fabricated by thermal ALD [35]. Here, it should be noted
that with 500 °C annealed sample an increase in the size of the semi-
circle is observed which is not well understood. In principle, a de-
crease in the semicircle size is expected after post-annealing in
through-plane mode once the formation of copper silicide takes
place. It was the case after annealing the device at 600 °C confirming
a failure in the diffusion barrier at this temperature. On the other
hand, a drastically bigger semicircle obtained after 700 °C annealing
might appear due to the loss in proper contact after a significant
amount of Cu diffusion from the top. Fig. 9d shows the comparison
of through-plane impedance characteristics towards the Cu diffusion
barrier for the MoNy barrier layer fabricated by the PEALD and
thermal ALD process. The sample annealed at 400 °C (sample before
the failure of the barrier layer as per the XRD results) shows semi-
circles with an almost similar diameter in the Nyquist plot. An-
nealing at elevated temperature results in the reduction in the size
of the semi-circle and the extent of decrease is much more severe in
the case of the thermal ALD MoNy barrier layer when compared to
the plasma one. The decrease in the size of the semi-circle can be an
indication of Cu diffusion into the Si substrate due to the failure of
the barrier layer. As a consequence of Cu diffusion into the Si and
formation of CusSi, the dielectric behavior (capacitive) of silicon gets
reduced and the overall impedance behavior will be now dominated
by the more conductive CusSi phase. The present in-plane and
through-plane impedance measurement reflects the importance of
the microstructure, crystallinity, and phase of Cu diffusion barrier on
its performance. The MoNy film prepared by thermal ALD is mostly
amorphous in characteristic, and contain significant oxygen con-
tamination at the surface, whereas, MoNy thin film prepared by
PEALD is highly crystalline (Mo,N phase), Mo rich, and probably
much denser when compared to MoN film prepared with thermal
ALD. The MoN thin film grown using PEALD is clearly of better
quality than that of thermal ALD and this difference is reflected in
the Cu diffusion barrier performance of those films.

4. Conclusions

In this study, Mo(CO)s and NH3 plasma are used to establish an
efficient PEALD process to prepare molybdenum nitride thin films.
Crystalline molybdenum nitride (cubic y-Mo,N) with remarkably
high GPC and short incubation period was obtained compared to
those obtained by thermal ALD grown amorphous MoNy films. While
the GPC of PEALD-Mo,N was found ~0.11 nm, a much lower value of
~0.03 nm was observed during thermal ALD grown MoNy film using
the same precursor at 200 °C. Several process parameters (deposi-
tion temperature, plasma power, and post-annealing) were in-
vestigated to improve the quality of Mo,N thin films. The resistivity
decreased significantly with increasing plasma power and the post-
annealing further lowered the resistivity of thin films deposited at
various plasma powers. In addition, preliminary experiments also
revealed that MoCiN, films with significantly low resistivity is
possible to deposit with the help of N/H, mixture plasma as a co-
reactant. The lowest resistivity of ~395puQ cm is observed for the
Mo,N films annealed at 700 °C and prepared with 300 W plasma
power. On the other hand, annealing at a very high temperature
(beyond 700 °C) leads to the formation of crystalline MoO, along
with Mo,N phase owing to the O impurity present in the as-de-
posited film, which results in an increase in the resistivity of the
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films. Finally, the application of these PEALD grown Mo,N films as
Cu-diffusion barriers is studied in detail and the failure of the barrier
layer is investigated with XRD and electrical impedance spectro-
scopy analysis. While an increase in the real resistance in in-plane EI
analysis indicates a failure in the diffusion barrier, a decrease in the
size of the semicircle in through-plane mode complements such a
claim. The current study shows that the presence of plasma (or
PEALD) improves the growth kinetics and the overall film quality
significantly when compared to thermal-ALD grown films using the
same metal precursor.
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