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ARTICLE INFO ABSTRACT

Keywords: Atomic layer deposition (ALD) of metals and metal nitrides consist a major portion of the advanced thin film

Atomic layer deposition deposition technology owing to their wide applications in the field of the semiconductor industry. In this regard,

;}gg“e“ the ALD of tungsten (W) is one of the vital processes which is mostly studied using WF¢ precursor. However, the
5

2 . presence of corrosive fluorine in WFg restricts its applications due to severe disadvantages like F-contamination
Density functional theory A N . i N
Chemisorption energy and etching of the deposited films and/or the underlying substrate. Therefore, developing F-free W (FFW)
XPS precursor to deposit W (and other W-based compounds like WNy) is of significant importance. The current article
investigates several possible routes that can give rise to the successful growth of ALD-W or W-based thin films
using WCls as an FFW precursor. Density functional theory (DFT) simulation was carried out to check the
feasibility of the reactions between a reactant and tungsten chloride as well as to predict the composition of the
deposited film. The exothermic reactions for ALD of W metal were realized with H, diethylamine borane (DEAB),
and dimethylamine borane (DMAB), whereas it was endothermic for Hy, triethylaluminum (TEA), trimethyla-
luminum (TMA), tert-butyl hydrazine (TBH), and NHgs. The detailed reaction mechanisms for predicting the
growth of tungsten or tungsten compounds were simulated and are helpful to explain the growth of WNyCy by
TBH and WCy by TEA. On the other hand, the experimental findings also confirm the W film deposition with Hy
plasma and DEAB, between 200 and 300 °C. However, the best quality as-grown W-films (polycrystalline with a
resistivity of ~395 uQ-cm) were obtained only with H; plasma as a reactant, which shows the largest negative
reaction energy (AE) in DFT calculation. Further, the CI content of much below 1 atomic% in the as-grown films
deposited with Hy plasma was evident. Additionally, the experimental findings also confirmed the deposition of
crystalline-WyN when NH3 was used as a reactant.

1. Introduction

Atomic layer deposition (ALD) is one of the most promising tech-
nologies related to preparing thin films for microelectronic device
fabrication [1,2]. Owing to its self-limiting growth on the surface, ALD
possesses several key features, including the capability of depositing
highly uniform, pure, ultrathin films with extremely high step coverage
in a complicated geometry, which enables this technique one of the
favorites in semiconductor device applications [3,4]. Tungsten (W) ALD
is one of the most successful case among elemental metal ALD processes.

This is because W ALD can be carried out using well-known and the most
effective combination of W-containing inorganic precursor, WFg, and
reducing agents, such as silane (SiHy), disilane (SioHg), and diborane
(BoHg) [5-8]. Thin films of ALD-W has many applications for the
semiconductor device fabrications, including W-plug process, W metal
lines such as gate, bit line of DRAM (dynamic random access memory),
or gate of 3D NAND Flash due to its relatively low bulk resistivity (~5.6
pQ-cm for a-W), high melting point, hard, and considerable inert nature
[6,9]. With unlimited and continuous device scaling, now it has been
even considered as an alternative to the current Cu metal line due to a
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shorter electron mean free path (EMFP, ~19 nm) than that of Cu (~39
nm) though Cu has lower bulk resistivity (~1.7pQ-cm) [10]. Here, W
thin film has been typically formed in two steps; the first step is the very
thin W nucleation layer (2 ~ 3 nm) deposited by ALD on typical glue/
barrier layer, TiN film, and the second is the thick bulk W deposition
mostly accomplished by a CVD process or Hy reduction of WFg [11].
Extensive studies on ALD-W using WF¢ have been reported since Klaus
et al. firstly reported the formation of metallic W film with the resistivity
of 122 puQ-cm by a sequential supply of WFg and SisHg at the tempera-
ture of lower than 325 °C [7]. However, the use of F-containing inor-
ganic precursor (WFe) has several potential problems of incorporating
corrosive F impurities, resulting in the etching of underlying substrates,
degradation of adhesion between layers, and defect formation due to an
unwanted reaction with the underlying materials. It has also been re-
ported that F could diffuse into adjacent dielectric layers where it can
create yield-limiting defects for preparing the W gate of 3D NAND de-
vices. As a thin TiN layer is inevitable to provide an adhesion layer for W
thin film consist of ALD-W nucleation and CVD-W bulk film and to block
F penetration, it narrows line or plug opening width with continuous
device scaling, resulting in an increase in their resistance and even
failure of the plug filling. The deposition of a thin W nucleation layer
using an F-free W (FFW) precursor is an ideal solution because it can
reduce the thickness of the TiN film or eliminate it. By substituting the
conventional TiN liner with W liner, which was prepared by FFW-based
technology, the line resistance of PCRAM (phase-change random access
memory) contact plugs has been decreased by about 20% [12]. How-
ever, the very few reports on W ALD using F-free W precursors are still
available, and the details for the FFW ALD process have not been fully
reported. One recent report only showed the process details, which is the
reaction of WClg as a potential FFW-precursor and trimethylaluminum
(AlMes, TMA) as a reactant between 250 and 375 °C but the deposited
film contained a significant amount of C with the high resistivity of 1500
pQ-cm at 375 °C [13]. Studies of the ALD of W-based films using FFW
precursors have been focused mainly on preparing tungsten nitride film.
Several attempts have been taken to prepare ALD-WNy films using F-free
metalorganic (MO) precursors such as bis(tert-butylimido)bis(dimethy-
lamido) tungsten(VI) [(*BuN)2(MeaN)oW1, hexakis(dimethylamido)
ditungsten [W3(NMey)s], and tungsten hexacarbonyl [W(CO)g] at tem-
peratures ranging from 150 to 400 °C [14-16]. Moreover, the ALD WSiN
process was also reported using FFW precursor bis(tert-butylimido)bis
(bis(trimethylsilylamido)) tungsten(VI) [W(N'Bu)2{N(SiMes)2}5] and
Hj plasma at 300 °C [17]. Recently, the controlled preparation of WNy
and WCy thin films via an ALD was carried out using a fluorine- and
nitrogen-free W metalorganic precursor of tungsten [tris(3-hexyne)
carbonyl, W(CO)(CH3CH2C=CCH>CH3)3] and NH3 or Ny + Hy mixture
plasma as the reactant at a deposition temperature of 250 °C [18,19].

The ALD of metal requires the reactive reducing agent to remove the
ligand of the metal precursor. For the ALD of Cu, different reducing
agents were tested for depositing pure copper films, and Hy [20], Hy
plasma [21], diethylzinc [22], and tert-butyl hydrazine [23] showed
promising results. Hy was also used for the ALD of cobalt, iron, and
nickel [24]. An aluminum hydride compound was used for the ALD of Al
[25]. These results show that the choice of reducing agent is the most
critical element for success in the ALD of metallic films. Density func-
tional theory (DFT) calculation was used to expect the surface chemistry
during the ALD of copper [26,27]. The DFT method was also used to
investigate the reaction mechanism of formate and hydrazine as
reducing agents for three-step ALD of copper using Cu(OCH-
MeCHy-NMes), precursor [28]. Recently, we reported the DFT study on
atomic hydrogen, Hy, BoHg, and SiHy4 as the reducing agent for the ALD
of tungsten [29]. Therefore, the DFT simulation explains the ALD re-
action mechanism and helps to select the appropriate reducing agent
[30]. However, the results of the DFT study were not verified by ALD
experiments. In addition, only reducing agents used in the CVD or ALD
process using WFg were considered.

In this study, we report ALD processes using tungsten pentachloride
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(WCls) as an FFW precursor and various reactants. WCls is fluorine-free
and produces HCl as the reaction byproduct, which is less critical to
dielectrics compared with HF produced by WFg. We selected WClg
rather than WClg because WCls has a higher vapor pressure than WCle,
which facilitates better delivery of the precursor into the chamber and
makes the process more repeatable. We performed the density func-
tional theory (DFT) calculations to select the most feasible reducing
agents for WCls. A variety of molecules were selected, which have not
been considered in the previous study [29], and their chemisorption
reactions were simulated. Based on the DFT results, we performed the
deposition experiment using WCls and selected reducing agents. The
elemental compositions, crystallographic nature, and resistivity of the
as-grown films were studied using several ex-situ characterization tools
such as XPS, XRD, and four-probe measurements.

2. Material and methods
2.1. Computational methods

The calculations were performed using Materials Studio 7.0 using the
DMol® Package (Accelrys, USA) [31]. The exchange correction func-
tional of generalized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE) scheme correction [32] and the double numeri-
cal polarization (DNP) 4.4 basis set [33] were applied. Since tungsten
has many electrons, an effective core potential treatment was also
applied [34,35], which replaces the core electron with a single potential
and introduces some relativistic corrections into the core. The unre-
stricted spin option was applied to perform the calculation with different
orbitals for different spins [36]. The convergence tolerance of total en-
ergy difference, atomic force, and orbital occupancy smearing used in
the geometry optimization were 10™® Ha, 2 x 107* Ha/A, and 9 x 10~*
Ha (1 Ha = 27.2114 eV), which were the same as our previous works
[37-391.

We considered a various type of molecules as the reducing agents:
atomic hydrogen (H), hydrogen (Hb), silane (SiH4), disilane (SixHg),
diborane (ByHg), dimethylamine borane [DMAB, (CHjs);NHBH3)],
diethylamine borane [DEAB, (CyHs)oNHBH3)], diisopropylamine
borane [DIPAB, (i-C3Hy)oNHBH3)], germane (GeH,), digermane
(GegHg), ammonia (NHgs), hydrazine (NoHy), tert-butyl hydrazine [TBH,
(CH3)3CNHNH;], acetonitrile (MeCN, CH3CN), trimethylaluminum
[TMA, Al(CHs)sl], and triethylaluminum [TEA, Al(CaHs)s]. Ha, SiHg,
SioHg, BoHg, GeHy, and GeyHg were selected because they were reported
as the reducing agent for ALD or CVD of W using WFg [5-9,11,39-43].
NH;3, NoHy, and TBH were selected because they were tested as the
reducing agent for ALD of Cu [13,44,45]. Alkyl aluminum compounds
and alkylamine boranes were also considered because of their strong
reducing powers [46,47].

The reactivities of reducing agents were evaluated by comparing
reaction energies to remove the Cl atom from the Cl-passivated tungsten
cluster, W4Cl;2, which is an adequate cluster model reported in the
previous work [29]. Other reaction pathways were also considered to
expect the mechanism for the formation of tungsten compounds. The
unbound reactant (UR), reactant (R), and product (P) states were
defined. The UR state is the system after geometry optimization of the
reducing agent molecule located at about 9 A from the cluster. The R
state is the physisorption obtained by placing the reducing agent
molecule approximately 4 A away from the cluster and then performing
geometric optimization. The P state was obtained by assuming possible
reaction pathways for removing one chlorine atom from the cluster.
Reaction energies were evaluated to determine the feasible routes from
considered reaction pathways for the selected reducing agent. The
activation energies of the exothermic reaction pathways were calculated
to expect the reaction rate. The adsorption energy (Eags), reaction en-
ergy (AE), and activation energy (Ea) were calculated following Egs.
(1-(3):
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Eags = Er —Ewr (€9)
AE = Ep - ER (2)
Ex =Ers —Er 3

where the Eyg, Eg, and Ep are the total system energy of the UR, R, and P
states, respectively. Erg is the total energy of the transition state between
R and P states obtained by the complete linear-quadratic synchronous
transit (LST-QST) method [48].

2.2. ALD processes

ALD of W-films were performed in a shower-head type ALD reactor
(Lucida-M100, NCD Technology) also equipped with a radio-frequency
(RF) power source to generate the plasma of the several reactant
gases. The reactor wall was heated to a certain higher temperature as
calibrated beforehand to achieve the desired deposition temperature of
the substrate. While the deposition temperature was varied from 200 to
300 °C, the reactor wall temperature was set as 220-330 °C. For a suf-
ficient vapor pressure of WCls, the precursor bubbler was heated at
110 °C while the precursor delivery lines were kept constant at 120 °C to
avoid any unintentional condensations of WCls. High-purity Ar (200
sccm) was used as a purging gas in between two successive pulses of the
precursor and the reactant. The base pressure of the reactor chamber
was achieved as 8 mTorr while the working pressure during the reaction
was set as ~ 400 mTorr with the help of Ar purging. In addition, 50 sccm
Ar was also used as a carrier gas for the smooth delivery of the WCls
precursor. While the reactants like TMA, TEA, DEAB, DMAB, and TBH
were kept at a constant temperature, all the gaseous reactants (like NH3
and Hy) were fed to the reactor line from room temperature with the
flow rate of 50 sccm. Co-reactants of TMA, TEA, DEAB, DMAB, and TBH
that are liquid at the supplying temperature and contained at the
bubbler are mixed with the inert carrier gas (Ar: 50 sccm) and supplied
into the chamber The temperature of each co-reactant during the
providing was kept at 60, 25, 55, 10 °C for DEAB, TBH, TEA, and TMA,
respectively. Si substrates (with 100 nm SiO, layer on top) were used to
grow the films and for further characterizations of them. In general, one
ALD cycle consisted of 10 s pulsing of WCls-10 s purging of Ar-10 s
pulsing of reactant-10 s pulsing of Ar, unless stated otherwise. A repe-
tition of the above sequence results in the growth of ALD-W thin films. A
fixed number of 1000 ALD cycles were used to grow the films using
different reducing agents. In case of Hy plasma, 100 W plasma power
was applied to generate the H radicals.

2.3. Analytical methods

Grazing incidence angle (w = 3°) X-ray diffraction (GIA-XRD, PAN-
alytical X’-pert PRO MRD with Cu K, radiation at 1.54 kW) was carried
out of the as-grown ALD films to find out the crystallinity with their
corresponding phases. X-ray reflectivity (XRR) and/or cross-sectional
view scanning electron microscopy (SEM, Hitachi S-4800) analysis
were performed to determine the thickness, density, and uniformity of
the films. The presence of the W with different oxidation states and other
elements (N in W5N and the impurities like Cl) and their respective
atomic percentages were further estimated by X-ray photoelectron
spectroscopy (XPS, ESCALAB 250 XPS Spectrometer with Al K, source in
Korea Basic Science Institute Busan, Korea). Finally, the sheet resistance
of the as-grown films deposited with different reactants was measured
using a four-probe and compared to sort out the best reactant in view of
the electrical properties of the ALD-W.
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3. Results and discussion

3.1. DFT calculation on the reaction of WCls and various reactants during
ALD

We used the chlorine-passivated tungsten cluster, W4Cl;, to model
the surface after sufficient tungsten chloride exposure, as shown in
Fig. S1. The cluster model can minimize the calculation time of the DFT
study compared with a periodic slab model, especially in the case of
heavy metals with a large number of electrons [34]. To minimize the
accuracy issue of the cluster model [49,50], we fully passivated the
tungsten cluster with chlorine atoms. The optimization of the numbers
of tungsten and chlorine atoms was described in the previous study [29].
The reaction of reducing agent candidates with W4Cl;2 was simulated to
expect the reducing power of the candidates to produce W metal. The
reaction assumed is described in Egs. (4) and (5):

-W-CI* + R-H - -W-H* + R-Cl 4
-W-CI* + H - -W* 4+ HCI 5)

where asterisk (*) denotes the surface group. R-H is the reducing agent
molecule, and R-Cl is a chlorinated byproduct molecule.

Fig. 1 shows the reaction energies of different reducing agent can-
didates for the reactions in Egs. (4) and (5). The reaction energies were
calculated by Eq. (2). The exothermic reactions were expected for H,
B,Hg, DEAB, DMAB, SiHy, SioHg, GeHy, and GeaHg, suggesting that those
candidates are promising. The endothermic reactions were obtained for
Hy, TEA, TMA, MeCN, TBH, NyH4, and NHs3, which would be expected to
be the less suitable reducing agents to make W metal using tungsten
chloride precursor. We already reported the reactions of an Hy molecule
and atomic H in the previous work [29]. The results showed that the
reaction of Eq. (4) was unfavorable for Hy, but the reaction producing
two HCI molecules and bare tungsten surface, -W*, was marginally
favorable with the high activation energy of +2.32 eV. H representing
the Hy plasma species showed the exothermic reaction with a low acti-
vation energy of +0.04 eV. Therefore, it was expected that Hy plasma
would be an excellent reducing agent for tungsten chlorides in view of
producing W metal, and the deposition with Hp might be possible at high
temperatures. In this study, the more detailed reactions of the selected
reactants on the cluster were studied to elucidate the reaction pathways
and corresponding formation of various W-containing films.

3.1.1. DEAB and DMAB as a reactant

Fig. 2 shows the schematic and energy diagrams of eight reaction
pathways between DEAB and W4Cl;2. Among them, pathways I and IV
were expected as the exothermic processes. The reaction energy of
pathway I was —0.31 eV with an activation energy of +0.28 eV, whereas
the reaction energy of pathway IV was —0.80 eV with an activation
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Fig. 1. The reaction energies of reducing agent candidates with W4Cl;, for the
reaction in Egs. (4) and (5). The reaction energies were calculated by Eq. (2).
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Fig. 2. (a) The schematic of the reactant and product states for eight reaction pathways of DEAB with W,4Cl; 5, (b) atomistic configurations, and (c) energy diagrams
for the reaction pathways I and IV (UR, unbound reactant state; R, reactant state; TS, transition state; P, product).

energy of +0.58 eV. Pathway I is the exchange of H from DEAB with
chlorine on the cluster, resulting in ~-W-H* and NH(CyHs)2BH,Cl
byproduct. The growth of metallic tungsten is expected because ~-W-H*
ensures no impurity. Pathway IV is the chlorine abstraction by boron of
DEAB and the CyHs migration to the tungsten cluster, forming
-W-CoHs* and NHy(CoHs)BHoCl byproduct. The formation of
-W-CyHs* would lead to the tungsten carbide deposition or the carbon
contamination in the tungsten film if the next half-reaction of WCls with
-W-CyHs* forms ~-W-CoHs.,~WCls ,* and HCl molecules. Both path-
ways would be fast enough at ALD process temperatures due to their low
activation energies. Therefore, the DFT calculation result expects that
the use of DEAB would produce the tungsten film with carbon
contaminations.

Both pathways IV and V form -W-CyHs*, but pathway IV is an
exothermic reaction, whereas pathway V is endothermic. It is because
the byproduct molecule is more stable for pathway IV. The byproduct
molecule is NH2Et-BH,Cl for pathway IV and NHCI-EtBH3 for pathway
V. We calculated the bond dissociation energies by DFT. The

dissociation energies of N-H (3.96 eV) and B—Cl (5.26 eV) bonds in the
NH3Et-BH,Cl molecule are higher than those of the N-Cl (1.94 eV) and
B-H (4.56 eV) bonds in the NHCIEt-BH3 molecule.

Fig. S2 shows the schematic and energy diagrams of eight reaction
pathways between DMAB and W4Cl; 5. Similar to the DEAB case, path-
ways I and IV were expected as the exothermic processes. Pathway I is
the exchange of H from DMAB with chlorine on the cluster, resulting in
-W-H* and NH(CH3)2BHCl byproduct. Pathway IV is the chlorine
abstraction by boron of DMAB and the CHj3 migration to tungsten
cluster, forming -W-CH3* and NH,(CH3)BHCl byproduct. The reaction
energy of pathway I was —0.30 eV with an activation energy of +0.61
eV, whereas the reaction energy of pathway IV was —0.74 eV with an
activation energy of +0.83 eV. The formation of ~-W-CHs3* would also
lead to the tungsten carbide deposition or the carbon contamination in
the tungsten film. Therefore, similar to DEAB, the deposition of tungsten
film with carbon contaminations was expected. Meanwhile, DMAB
would be less reactive than DEAB due to the higher activation energies.
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3.1.2. TEA and TMA as a reactant

The reaction of TMA with the W4Cl; 5 cluster was already reported in
previous work [29]. The only exothermic reaction was the exchange of
CH3 of TMA with chlorine on the cluster, forming ~-W-CH3z* and Al
(CH3),Cl byproduct. Tungsten carbide film will grow if -W-CH3* reacts
with WCly precursors forming ~-W-C-W-Cl* and HCI byproducts. In the
present work, we compared TEA with TMA. Fig. 3 shows the schematic
and energy diagrams of four reaction pathways between TEA and
W4Clyo. The only exothermic process was pathway II, which is the ex-
change of CoHs of TEA with chlorine on the cluster, forming ~-W-CoHs*
and Al(C2Hs)2Cl byproduct. The reaction energy was —0.93 eV with an
activation energy of +0.34 eV. Therefore, in the same way as TMA, TEA
was expected to act as a carbon source to grow tungsten carbide films if
-W-CyHs* reacts with tungsten chlorides to form ~-W-CyHs.,~WCls *
and HCI byproducts. It is noted that TEA would be more reactive than
TMA due to its higher reaction energy and lower activation energy.

3.1.3. TBH and NHjs as a reactant

Fig. 4 shows the schematic and energy diagrams of eight reaction
pathways between TBH and W4Cl;,. Pathways V and VIII were expected
as the exothermic processes. Pathway V is the exchange of NHNH; of
TBH with chlorine on the cluster, producing ~-W-NHNHy* and ‘BuCl
byproduct. Pathway VIII is the exchange NHNH'Bu of TBH with chlorine
on the cluster, forming -W-NHNH"Bu* and HCl byproduct. The reaction
energy of pathway V was —0.29 eV with an activation energy of +1.50
eV, whereas the reaction energy of pathway VIII was —0.32 eV with an
activation energy of +0.42 eV. Pathway VIII would dominate the
deposition reaction because of lower activation energy than pathway V.
Therefore, tungsten carbonitride film would grow if ~-W-NHNH'Bu*
reacts with tungsten chlorides. The possible subsequent half-reaction
pathways are as follows:

~W-NHNH'C(CH3)3* + WCls — ~W-NHNH'C(CH3)2(CHp)-WCly* + HCl
(6)

—~W-NHNH'C(CH3)3* + WCls - —-W-NHNH'C(CH3),-WCly* + CH3C1(7)

—W-NHNH'C(CH3)3* + WCls - ~-W-NHNH-WCl,* + (CH3);CCl  (8)
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—~W-NHNH'C(CH3)3* + WCls - —-W-NHWCl,* + CINH'C(CH3)3 9

Fig. 5 shows the schematic and energy diagrams of three reaction
pathways between NH3 and W4Cly,. The only exothermic process was
pathway II, where NHjy of NH3 is exchanged with chlorine of the cluster,
forming ~-W-NHsy* and HCl. The reaction was marginally exothermic,
with the reaction energy of —0.004 eV and the activation energy of
+1.51 eV. Tungsten nitride films would grow using the NHg if -W-NHy*
reacts with tungsten chlorides to form ~-W-NHjy_,—~WCls_,*.

3.2. Atomic layer deposition using WCls and selected reducing agents

Experiments on ALD-W or W-based films were carried out in detail to
verify the theoretical evidence obtained by DFT calculations. Prior to
performing the sequential dosing of WCls with several individual re-
actants, the possibility of thermal decomposition of the metal precursor
was confirmed in the complete deposition temperature range
(200-300 °C). The absence of any thermal decomposition of the W-
precursor resulted in no sign of any film deposition on the substrates
after continuous dosing of the only WCls even at 300 °C. Henceforth, the
ALD of W-based films was investigated using eight different reducing
agents that include molecular Hy, Hy plasma (which provides highly
reactive H radical), TMA, TEA, DEAB, DMAB, TBH, and NH3 molecules.
A few reactants (BoHg, SiH4, SioHg, GeHy, and GeyHg) to show a ther-
modynamically favorable reaction with WCls, in view of producing W
metal from DFT calculations (Fig. 1) could not be tested experimentally
due to the present limitations. On the other hand, the reactions between
WCls with TBH or NH3 molecules were executed because of the possi-
bility of a tungsten nitride (WN,) or tungsten carbonitride film (WNyCy)
film’s growth as observed for WFg, which also have many applications
for semiconductor device fabrication including diffusion barriers,
capacitor or gate electrode [51-53]. Finally, molecular H, was also
tested as a reactant to verify one of the negative results obtained in the
DFT calculation and establish the distinct difference between Hy mole-
cules and H; plasma towards reducing WCls to give rise to the deposition
of W-metal.

The depositions with each reactant were carried out at three different
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Fig. 3. (a) The schematic of the reactant and product states for four reaction pathways of TEA with W,4Cl; 5, (b) atomistic configurations, and (c) energy diagram for
the reaction pathway II (UR, unbound reactant state; R, reactant state; TS, transition state; P, product).
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Fig. 4. (a) The schematic of the reactant and product states for eight reaction pathways of TBH with W4Cl; 5, (b) atomistic configurations, and (c) energy diagrams for
the reaction pathways V and VIII (UR, unbound reactant state; R, reactant state; TS, transition state; P, product).

temperatures (200, 250, and 300 °C). The reaction sequence was set as
10 s WCl5 pulsing-10 s Ar purging (Ar)-10 s reactant pulsing-10 s Ar
purging during every deposition carried out in this work. The repetition
of the above sequence ensures the ALD, probably under self-limiting
condition owing to the large enough pulsing time for both precursor
and reactant. Table 1 depicts the overall outputs as successful de-
positions (by the symbol “0”) and failure of any kind of film’s formation
(by a symbol “X”) at these three deposition temperatures corresponding
to each reactant. Successful deposition of the films could be observed
only with H; plasma, DEAB, TEA (only at 300 °C), TBH, and NH; against
WCls via ALD. On the other hand, we could not find any film to be
deposited while TEA (200 and 250 °C), TMA, and DMAB were used as
respective reactants. In addition, molecular Hy also failed to result in any
deposition, which is in good agreement with the DFT calculations except
DMAB that indicated a possibility of depositing W films with some C
contamination similar to DEAB (Fig. 2 and Fig. S2). While TEA and TMA
both showed an endothermic reaction in DFT calculation towards W
metal deposition (Fig. 1), WC based films might be deposited with WCls
with a more favorable reaction with TEA compared to TMA considering
the reaction pathways (Fig. 3). Therefore, the experimental findings
supported well, to some extent, the DFT predictions. Here, one should
notice that thermal ALD of WCy was prepared with WClg and TMA [13].
Therefore, a higher deposition temperature above 300 °C might lead to
form WCx film using WCls, which is however not the primary goal of this
work. On the other hand, the use of NH3 and TBH (more reactive than

NH3) showed the possible deposition of tungsten nitride and tungsten
carbonitride but not for W metal, which is complemented through the
further characterizations of the experimentally deposited films.

The presence of the films and their corresponding growth per cycle
(GPC) values were estimated by cross-sectional view-SEM (XSEM) im-
aging. Table S1 shows the GPC for each film grown at 300 °C using 1000
ALD cycles. While the Hy plasma and NHjs revealed a GPC of ~0.27 and
0.37 A, respectively, a much higher GPC of ~0.8 A were evident for both
TBH and DEAB. However, TEA also showed a relatively lower GPC of
~0.2 A. The higher GPC values obtained for the TBH and DEAB could be
realized from a formation of a not well-defined films (possibly a ternary
film like oxynitride or oxycarbide) that might have significant impurities
and unreacted precursors. On the other hand, TEA reactivity seems to be
the lowest among all reducing agents as it does not give rise to any
deposition at a lower deposition temperature below 300 °C. In addition,
we have estimated the incubation period for the films grown with H,
plasma and NH3 which enabled to deposit well-defined crystalline W
and WyN films, respectively, as discussed later. The incubation period
(on SiO,/Si substrate) was calculated as ~ 65 and 78 ALD cycles for W
and W>N films, respectively. Fig. S3 shows the XSEM images of the films
grown with different reducing agents using 1000 ALD cycles. The XSEM
images clearly confirm smooth, uniform, continuous pin-hole free de-
positions of the films with different thicknesses. Thus, these preliminary
experiments indicate the successful film formation with different re-
actants with WCls and further detail study with each of them can
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Fig. 5. (a) The schematic of the reactant and product states for three reaction pathways of NH3 with W4Cl;,, (b) atomistic configurations, and (c) energy diagram for
the reaction pathway II (UR, unbound reactant state; R, reactant state; TS, transition state; P, product).

Table 1
Confirmation of the deposition of films while WCls reacting with several re-
actants at three different temperatures.

Reactant/Dep. Temp. 200 °C 250 °C 300 °C
Thermal decomposition (5 min) X X X
H, X X X
H, Plasma (100 W) (0] (0] (0]
Diethylamine Borane (DEAB) (6] (6] (0]
Dimethylamine Borane (DMAB) X X X
Triethyl Aluminum (TEA) X X (¢]
Trimethyl Aluminum (TMA) X X X
tert-Butyl hydrazine (TBH) (0] (0] (0]
NH3 (0] 0] (0]

establish a separate process with more specific outcomes.

Fig. 6 shows the GIAXRD patterns of the thin films grown individu-
ally with Hy-plasma, DEAB, TEA, TBH, and NH3 reactants on Si/SiOy
substrates at 300 °C. Several peaks corresponding to metallic-W were
identified for the film deposited with WCls and H; plasma. It is well-
known that the metallic-W mainly exists in two phases, namely $-W
(A-15 structure) and o-W (body-centered cubic (bcc) or A-2 structure),
while the former is metastable and the latter is the most stable phase
[54]. The properties, such as resistivity or hardness, vary significantly
for these two phases, and the phase formation depends on several pa-
rameters like deposition temperature, pressure, power, post-annealing,
and substrates [55]. Detailed analyses of these XRD peaks revealed
that the film consists of both - and a-W phases. While the peak at 26
values of 39.9° could be assigned to p(210)/a(110), most of the other
signature peaks are from -W corresponding to (200), (211), and (222)
planes at 26 values of ca. 37.4, 43.5, and 63.4°, respectively. On the
other hand, the XRD peak at ~ 73.2° could be ascribed to the (211)
planes of the a-W phase. Thus, it could be concluded that the successful
ALD of W thin films using WCls and H; plasma resulted in as-grown films
consisting more of p-phase. It was reported several times earlier,

including ALD of W using WF¢ and SiHy4, that the W thin films transform
from amorphous (or poor crystalline) phase to crystalline phase and
similarly from meta-stable  to body-centered cubic (bcc) o phase with
increasing deposition temperature [5]. In addition, it was also observed
that the phase transition from $/(p + a) to « also got influenced by the
thickness of the film for a particular temperature, and this critical
thickness varies for individual studies, generally lying between ~ 20 to
75 nm [56,57]. The residual stress developed in the thicker film was
identified as the probable cause for such phase transformation [56].
Therefore, achieving the films with a pure a-W phase using the current
ALD recipe would be possible. We believe that a pure a-W will be ach-
ieved by increasing the thickness of the film or by performing a post-
annealing in an inert (Ar) or reducing (Hy) environment. Moreover,
such thickness increment or post-annealing should also reduce the re-
sistivity of the films compared to the as-grown films owing to its
transformation into pure a phase. Unfortunately, no XRD peak was
found when DEAB was used as a reactant, and therefore, it should be
assumed as an amorphous film. Similarly, the amorphous film was also
evident with TEA as a reactant. However, TBH might give rise to poor
nano-crystallinity in the film, as reflected by a broad hump in the XRD.
Though the major peaks of metal-W lie within this broad 26 range, the
presence of WNy (B-W2N) and WCy . (a-W2C) phases within this similar
region are also simultaneously possible [18]. Above all, such a broad
peak in the XRD was also observed during the formation of tungsten
carbonitride (WNxCy) which might be formed as a solid solution of WNy
and WCjx [58]. Two crystal planes at 20 of ca. 36.7 and 43.4° corre-
sponding to (111) and (43.2) of p-WNxCy could be assigned within this
very broad peak observed in the XRD [58]. While the presence of both N
and C in the TBH as a reactant has the potential to result in such a
ternary phase, the DFT calculation also predicted the formation of car-
bonitride phase with a relatively lower activation barrier compared to
depositing metal W. The formation of ternary compound might prevent
the formation of the well-developed crystalline film. The primary target
of this work is to confirm the potential of TBH to reduce WCls into W
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Fig. 6. XRD spectra of the ALD-grown films deposited using WCls with H,
plasma, TBH, TEA, DEAB, and NHj, respectively, on Si substrates.

during ALD. Therefore, it could be concluded that TBH alone could not
help depositing W films, as also supported by the theoretical calcula-
tions. Nevertheless, the existence of the films, which should be close to
amorphous, on the substrate could be confirmed from bare eyes and was
further confirmed by XPS, as discussed later. On the other hand, the XRD
pattern of the film deposited using WCl5 and NH3 showed the signature
peaks corresponding to tungsten nitrides but not the W metal. Three
distinguished peaks at 26 of ~ 37.7, 43.6, and 63.7° could be assigned to
(111), (200), and (220) cubic-WyN. Thus, the DFT calculations
perfectly agree with the experimental evidence of the formation of
tungsten nitride in place of metallic tungsten. Earlier, ALD was carried
out using WFs and NH3 at a relatively higher temperature of above
300 °C (within 600-800 K ALD window) [52]. It was also reported that
the deposition temperature for WNy formation could be brought down
with improved film properties (like resistivity) when diborane (B2Hg)
was introduced as an additional reducing agent to NHj3 [59]. The
deposition temperature was also reduced to 200-400 °C using NHj
pulse-plasma as an additional reactant [60]. However, both of these
studies could not resolve the problem of HF as an extremely corrosive
byproduct or the unwanted F incorporation in the deposited film. On the
other hand, F-free W precursor either leads to an amorphous film [for W
(CO)¢] or needs NHs plasma [for W(CO)(CH3CH,C=CCH,CH3)s] to
achieve a crystalline film [16,19]. Therefore, the current study revealed
an alternative recipe using FFW-precursor for depositing crystalline
ALD-W>N in a considerably low-temperature window of 200-300 °C.
The as-grown films deposited with different reactants at 300 °C were
further characterized with XPS in detail. To avoid the surface contami-
nations, the films were sputtered using Ar plasma for 30 s, and the
spectra were taken. The W thin films deposited WCls and Hy plasma

Applied Surface Science 563 (2021) 150373

show the characteristic doublet peaks of W 4f orbital electrons along
with a small hump-like peak for W 5p3/ at higher binding energy (BE),
which is also a common observation along with W 4f spectra as shown in
Fig. 7a. The high-resolution XP spectra of W 4f; 5 and 4fs» for this film
are found at BEs (~31.7 and 33.8 eV, respectively) coming from the W
(0) of metal-W. The standard database of XPS confirms the BE of W 4f; 5
orbital electron to lies at 31.3-31.6 eV, which almost matches with the
observed value for the films deposited under this current study. The 2.1
eV difference in the BEs between the doublet of W 4f electrons is also in
good agreement with the standard value (~2.17 eV). However, further
confirmation of the metallic W is justified by its considerably low re-
sistivity, as discussed later in this article. Another most important in-
formation reflected from the XPS analyses is about the absence of Cl
(Fig. 7b), as we did not find any detectable peak corresponding to CI 2p
orbital electron at its respective BE region. Therefore, it could be
confirmed that the current ALD recipe with WCls and Hj plasma resulted
in the W-films with negligibly low Cl impurities and thus overcome the
earlier drawback of the deposition process with WFg, leaving consider-
able F in the film.

Similar W 4f (~32.2 eV for 4f;,) spectra for the ALD films deposited
with TBH reactant are shown in Fig. 8a, where the BE values for W
orbital electrons are higher compared to W-metal W% and lower
compared to WO3 (35.7 eV4f;,5). On the other hand, the W 4f peak
position of a solid solution of WC;.x and WNy could not be distinguished
due to their slight separation of 0.2 eV in BE values. In fact, the BE values
of W 4f; 5 and 4f5 5 at 32.2 and 34.3 eV, respectively, could be ascribed
to the W in WN,Cy [60]. In addition, a broad and not well-defined peak
for N1s was identified, as shown in Fig. 8b. This peak is also observed in
N 1s owing to the W-Ny (~397.6 eV) and CNy (~400.2 eV) in WNCy.
Finally, we could observe two distinct peaks in the C 1s spectra (Fig. 8c).
While the C1s peak at 284.6 eV appeared from amorphous C, the peak at
lower BE of ~ 280.5 eV could be assigned to the C in W-Cy. It is reported
in the literature that the C 1s in WC lies within a BE of 279.7-283.8 eV
[61]. On the other hand, the Cl 2p shows a prominent peak centered at
~ 199 eV corresponding to metal chloride (Cl 2pg/, lies at ~ 198.7 eV)
and hence. Therefore, it is concluded that TBH cannot grow W metal nor
tungsten nitride. Instead, WCls and TBH most possibly deposit WCxNy,
as evident from the XRD and XPS analysis together. Though it was re-
ported in the literature that TBH, as a reactant, could give rise to metal
film as well as its nitride, the experimental findings for this case com-
plement the DFT results of forming a ternary carbonitride compound to a
good extent with significant impurities [23,62].

The high-resolution XP spectra of W 4f and N 1s electrons detected
for the films deposited using WCls and NH3 ensure the formation of
tungsten nitride films, as can be seen from Fig. 9. The BEs for W 4f
electrons are also expected to lie at lower values of ~ 31.6 eV (4f;,2) and
at 33.7 eV (4fs,2) that corresponds to W in WoN [63,64]. In addition,
the N 1s peak centered at ~ 396.8 €V is also a signature peak for W-N
bonding which is well-matched with the existing literature [65]. The
atomic% ratio of W/N as approximately 64.7:34.8 obtained from this
XPS measurement also revealed the film to be most likely WoN. How-
ever, unlike the ALD of metallic-W films deposited either with Hy plasma
or with DEAB, the XPS for W»N films revealed a negligible and broad
peak for Cl 2p at BE around 196.9 to 200.6 eV.

The films deposited with TEA as a reactant reveal the XPS peaks for
WC as confirmed from the W 4f (at 32.1 and 34.1 eV for 4f; 5 and 4f5 5,
respectively) and Cls (at 283.3 eV) peaks (Fig. S4), complementing the
theoretical prediction via DFT calculations. However, the W 4f spectra
also show prominent peaks corresponding to the formation of WO3 at BE
of above 36 eV. Therefore, these films contain a significant amount of
oxides owing to the possible formation of WOxCy. In addition, we also
find significant XPS peaks for both ClI 2p and Al 2p in the XPS, reflecting
a considerable incomplete reaction between WCls and TEA under this
reaction condition. Though it is out of the scope of the current study, a
higher deposition temperature might lead to the pure formation of WC;,
which may also inhibit the oxide formation in the films to some extent.
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Fig. 8. XPS peaks for (a) W4f, (b) N1s, and (c) Cl2p orbital electrons for the films grown with WCls and TBH.

Finally, Fig. S5 shows the individual XPS spectra of possible elements
that could be present in the films deposited with DEAB as a reactant.
While the W 4f peaks are similarly located at relatively higher BEs of ~
32.1 and 34.3 eV for 4f;/5 and 4fs 9, respectively, not well-defined (or
negligible) peaks are observed for both C 1s and N 1s. Therefore, unlike
TBH and TEA, DEAB is neither expected to give rise to pure WNxCy nor
WCy, respectively. The presence of the B-N bond in the amine-borane
complex is expected to hinder the incorporation of the nitrogen atom
in the deposited film. As shown in DFT results (Fig. 2), the chemisorption
of DEAB with W-N bond formation showed the endothermic process due
to the reaction require the B-N bond dissociation for —W-N(CpHs)2*
formation of P(VI) and ~-W-N(CyHs),-BH3* formation of P(VIII) exhibit a

steric hindrance effect. Different from DEAB, an amine-based reactant
such as NH3 or TBH only would act as a nitriding agent. Therefore, we
believe it to be an amorphous W film that consists of little amount of
WN;Cy formation along with significant O incorporation as revealed by
the W 4f spectra itself. The high-resolution XPS for W 4f obtained with
such four prominent peaks (two for WO3) from metal W films is in well
agreement with the previous literature [62]. On the other hand,
considerable peaks for B 1s and Cl 2p are also observed. Interestingly,
the Cl 2p peaks do not correspond to any metal-Cl bond, which indicates
that DEAB may lead to a complete reaction compared to TEA against
WCls. There might be some partial decomposition of DEAB at this
deposition temperature leading to the presence of B in the film. In short,
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Fig. 9. XPS peaks for (a) W 4f, (b) N 1s, and (c) CI 2p orbital electrons as grown WN thin films deposited via ALD using WCls and NHs.

the XPS analyses confirm the formation of §-W and amorphous W (with
significant contamination) with Hy plasma and DEAB, respectively. In
addition, we can successfully deposit W2N, WNxCy, and WCy using NH3,
TBH, and TEA, respectively, as reactants. Therefore, the experimental
evidence is in good agreement with the predictions of DFT calculations
performed with all of those different reducing agents.

Table S2 gives a synopsis of the several essential parameters of the as-
grown films deposited with different reactants. While crystalline films of
B-W and c-W3N were evident with Hp plasma and NHs, respectively,
poor or nano-crystalline WNyCy films were formed with TBH. On the
other hand, amorphous WC films with considerable O and Al should be
expected with the reaction between WCls and TMA. Similarly, amor-
phous W films with significant O incorporation along with some N and C
were estimated with the DEAB as a reducing agent. It is expected that
relatively porous and amorphous films were deposited by thermal ALD
using TEA and DEAB, which might result in more oxygen incorporation
in them. Here it is noteworthy to mention that the atomic percentage of
Cl was truly negligible in the films deposited with Hy plasma and NHs.
However, Cl was also not considerable impurity in the films deposited
with other reactants. The density of ALD-W film deposited using Hy
plasma was as high as ~ 16.8 g cm ™2, which is close to its bulk value
(~19.25 g-cm’g). On the other hand, the as-deposited W)N films
revealed relatively lower mass density (~10.1 g-cm’s) than that of its
bulk value which could also be observed for several earlier reports on
different ALD films. The W thin films deposited with Hy plasma as a
reducing agent shows considerably low resistivity of approximately 395
uQ-cm, which is higher than the bulk resistivity of W-metal. However,
the B-W is supposed to possess much higher resistivity (~100-300
pQ-cm) compared to the most stable a-phase of the metal-W (5.6
uQ-cm). Therefore, the relatively higher resistivity for the ALD-W ob-
tained in the current study is in good agreement with the obtained
crystalline phase in the present study. The resistivity could be reduced
further upon post-annealing in an inert or reducing environment owing
to its phase transformation (from - to a-W) as well as by removing any
negligible amount of surface and/or bulk contamination like O or CL
Except for the films grown with Hy plasma, all other films show signif-
icantly high resistivity primarily due to the impurities incorporated in
them.

4. Conclusions

The article presents a comprehensive theoretical and experimental
study to establish F-free W-precursor (WCls) toward ALD of W and other
W-based films (W2N, WCy, and WNyCy). The rigorous DFT calculations
recognize few suitable reactants among several possible reducing agents
that can deposit W-metal from this FFW-precursor. DFT calculations
show its ability to check the feasibility of the possible reaction pathways
between reducing agent candidates and tungsten chlorides modeled by
W4Cly» for ALD of W as well as to predict the composition of deposited
films. In addition, the experiments validate the successful deposition of
ALD-W in a temperature range of 200-300 °C using DEAB and Hj
plasma, all of which revealed exothermicity in DFT calculations. Mix-

10

phase (predominantly p-phase) crystalline-W thin films with low re-
sistivity are obtained using WCls and H; plasma. A negligible percentage
of Cl in the as-grown films indicates the complete reaction during ALD
and thus the significance of the current process. However, a significantly
high level of impurities was observed when DEAB was used as the
reactant, leading to the amorphous nature of the film. In addition, nano-
crystalline WN,Gy films are evident with TBH, whereas amorphous WGy
films with significant O impurities were deposited at 300 °C when TEA
was used as the reactant. Finally, the successful deposition of cubic-WyN
is also observed and investigated using WCls and NH3 molecules within
the same temperature window and negligible Cl impurity. Thus, the
current results not only help to select the reducing agents while
exploring WCl5 as a potential ALD precursor to deposit W thin films but
also brings out the possibility of several other W-based films that could
be prepared and studied to pave a future avenue.
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