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ABSTRACT

This dissertation describes the deposition of transition metal dichalcogenide
(TMDC) thin films by electrochemical atomic layer deposition (E-ALD). E-ALD was
proposed to grow chalcogenide (S, Se and Te) films involving valve metals (Ta, Nb and
Ti). Tantalum is a refractory metal that readily forms a stable and protective surface
oxide layer when exposed to ambient conditions. In a Ta chalcogenide deposition
process, the surface oxide of Ta must be removed prior to depositing a chalcogen onto
it. The nature of the Ta oxide was studied, and attempts to electrochemically reduce
the oxide were made. Te, S, and Cu were deposited onto reduced Ta surfaces. These
processes were examined by in-situ electrochemical scanning tunneling microscopy
(EC-STM), cyclic voltammetry (CV), and X-ray photoelectron spectroscopy (XPS).

Molybdenum is another valve metal that is electrochemically similar to tantalum.
The electrochemistry of Mo was also investigated with the intent to form Mo chalco-
genides using E-ALD. Preliminary MoSe, films were grown by this method. The elec-
trodeposition processes were explored using CV, coulometry. and XPS. The MoSe,
films were characterized by electron probe micro-analyzer (EPMA), X-ray diffraction
(XRD), photoelectrochemistry (PEC), scanning electron microscopy (SEM), scanning

tunneling microscopy (STM), micro-Raman spectroscopy, and XPS.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

TaX,, and NbX,, (X = S, Se, or Te; n = 2 or 3) are transition metal chalcogenides
(TMCs) that belong to a family of highly-anisotropic compounds. The anisotropy
arises from the nature of the layered structures these materials possess. Similar to
graphenes in graphite, the TMCs have strong in-plane bonding and relatively weak
out-of-plane van der Waals interactions among layers. Variations in stacking orders of
these TMC layers and in the transition metal coordination can lead to a multitude of
different polytypes when the bulk crystals are formed."? While the properties of bulk
transition metal chalcogenides have been studied and known for decades, knowledge
on the two-dimensional (2D) forms of these materials are less pervasive. There has
recently been a heightened interest in applications of TMCs in electronics and opto-
electronics devices. The attention is focused particularly on the 2D nanosheets of the
TMCs, which may exhibit properties different from the corresponding bulk materials.

Many dichalcogenides and trichalcogenides of tantalum or niobium possess prop-
erties of superconductivity and/or charge-density waves (CDW).? For example, one-
dimensional TaSe; becomes superconductive below 2.1 K.* NbSe, undergoes two phase
transitions at 145 K and 59 K, below which anomalies in resistivity and specific heat
occur due to the formation of charge density waves.® Disulfides and diselenides of nio-
bium and tantalum have also been reported to possess superconductivity and CDW
characteristics. 1T-TaS, has a relatively-high CDW transition temperature at 352 K,
and 1T-TaSe, has one at 473 K.%"



Electrons’ charge density normally appears uniform and random in space for
metals at room temperature. However, these free electrons tend to pair at low tem-
peratures. For many of such tantalum or niobium chalcogenide compounds, self-
organization can occur below a critical transition temperature, 7., whereby the elec-
trons interact in such a way that leads to a periodic distortion of the underlying
lattice. Such electron interaction and lattice distortion result in an ordered structure
where charge varies in space. The spatial periodic modulation of the charge density
is called a charge-density wave.®

For materials in a CDW state at a temperature below 7., the CDW is normally
pinned by defects of the underlying lattice. However, the CDW can be depinned by
applying an electric field having field strength above a threshold, Fr. Once depinned,
the CDW becomes mobile and produces a collective current that can be used in
information processing applications. Recent experimental and theoretical works have
demonstrated that thin films of transition metal chalcogenides obtained from exfoli-
ating the bulk crystals exhibit an increased T, closer to room temperature.?'® This
augments the applicability of CDW for use in electronic and optoelectronic devices
and provides motivations for growing and studying thin films of the CDW materials.

A goal of this project was to grow the aforementioned transition metal chalco-
genides using a synthesis route that is suitable for use in device fabrication. Conven-
tional and non-conventional methods for growing some of the chalcogenide compounds
as presented in the literature will be described. The feasibility of each method for use
in device fabrication will also be evaluated. An electrochemical synthesis route using
aqueous solutions was proposed for this project, and it will be described as well.

The most common method for growing high-quality single crystals of tantalum or
niobium chalcogenides has been Chemical Vapor Transport (CVT) within a sealed
quartz ampoule. By the CVT growth method, the starting materials can be pure

elemental forms of the transition metal and of the chalcogen mixed in stoichiometric



quantities. Polycrystalline forms of the binary compound from a separate synthesis
can also be used as the starting material. A few grams of the starting mixture are
placed inside a fused quartz ampoule of about 30cm long and about 2cm wide.
A catalytic transport agent is also added to the original mixture. This transport
agent aids the movement of the non-volatile starting material within the ampoule
by carrying it into the vapor phase. I, is the most efficient and widely-used foreign
transport agent. ICl; and chalcogen halides (S,Cl,, Se,Cl,, TeCl,, .etc) can also be
used. These foreign transport agents are typically added in 5-10mgcm ™3 ampoule
volume. If a foreign species is not desired, 5 to 10mol % of excess chalcogen can be
added to serve as the transport agent instead.!!

Once all the necessary reagents are inserted into one end of the quartz ampoule,
it is purged with an inert gas, evacuated to ~107° Torr, and then sealed. The sealed
ampoule is placed in a gradient furnace, which usually has two or three zones, and
a temperature gradient is established over the length of the ampoule. The rate of
heating can vary and is usually on the order of 50 °Ch™!. Once the targeted temper-
ature gradient is established, it is maintained over the course of several days to allow
the reagents to react and/or the transport to occur. Ideally, majority of the reac-
tion between the transition metal and the chalcogen take place during this period.
The polycrystalline product that forms is carried over by the transport agent to the
opposite end of the ampoule, where the single crystal product forms by nucleation
and growth. A forward or reverse gradient is used depending on the nature of the
reaction between the transport agent and the reactant. A forward gradient — source
end hottest — is used if that reaction is endothermic. By the same rationale, a reverse
gradient — source end coldest — is used if the reaction is exothermic.'?

The magnitude of the gradient can also affect the crystal growth. A smaller gra-
dient will result in slower transport, which usually yields smaller and less crystals but

of a higher quality.!! The final step following the reactant transport is the cooldown.



Usually, a slow cooldown is desirable at a speed similar to that used for the initial
warm up period. Instead of a slow cooldown, a quick one can sometimes be used by
water-cooling the ampoule, which effectively quenches the reaction. At the end of the
reaction, the total mass of transported crystal is usually a few percent of the mass of
the starting materials.!?

A wide range of temperature gradients have been reported in the literature for
growing crystals of tantalum or niobium chalcogenides. The chosen temperatures
are mostly dictated by the particular transition metal chalcogenide compound to be
grown, reaction time, starting materials, and the desired polytype. Average temper-
atures along the growth ampoules were reported anywhere from 600 to 900 °C. The
reported temperature gradients were usually within 50 °C and 80°C.}15

Some of the highest-quality transition metal chalcogenide single crystals have been
made using the CVT method. However, the average synthesis takes a week. The
required high temperatures are fatal to most substrates, thus prohibiting the ability
to grow directly onto devices by this method. Potentially elaborate cleaning steps
must be taken to ensure that walls of the quartz ampoule are free of contaminants.
The layered characters of these chalcogenide materials permit contaminants to easily
intercalate into the van der Waals gap, which may be detrimental to the quality of the
final product. Since pure Nb/Ta are very reactive with oxygen, the partial pressure
of oxygen must be kept to a minimum by thoroughly purging the ampoule with an
inert gas prior to evacuating and sealing it preferably inside an inert atmosphere.

Growth methods alternative to CVT have been known. Schuffenhauer et al.
explored the gas-phase synthesis of TaS, using atmospheric pressure chemical vapor
deposition (APCVD).! TaCl, and H,S were used as precursors and N, as the carrier
gas. TaCl; powders were vaporized and brought into the center of a furnace by a
N, stream. Sulfidization to TaS, occurs as the vaporized Ta precursor reacts with

a stream of H,S in the furnace at a temperature between 450 °C and 600°C. The



sulfidization step is followed by a nucleation and growth mechanism to form nanopar-
ticles. The products formed in the gas phase were collected by filters at the end of
the furnace. Fullerene-like TaS, nanoparticles having diameters from 20 nm to 80 nm
were collected.

While optimizing the growth conditions, the furnace temperature was varied
between 210 °C and 800 °C. Lower temperatures below 300 °C resulted in poorer crys-
tallinity as amorphous nanoparticles were observed; higher temperatures above 700 °C
resulted in larger platelet TaS, having higher crystallinity. The APCVD growth had
reaction times of only 15s to 20s, which is a significant advantage over the CVT
method. However, the platelet forms of TaS, may be more desirable for exfoliation
and CDW studies. The higher temperatures required to form these platelets are
comparable to those used for CVT growth, limiting the use of APCVD.

Kikkawa et al. attempted to grow trisulfide and triselenides of Ta and Nb at high
pressures.!” In the high-pressure synthesis, powdered Ta/Nb and S/Se in a stoichio-
metric mix were place in a cubic anvil device, which was subjected to 700°C and
2 GPa for 30 min. The resulting product was polycrystalline. Attempts to grow single
crystals by melting the product with excess chalcogen and solidifying at different
cooling rates were unsuccessful.

Stender et al. used a solution-based one-pot synthesis method to grow transition-
metal chalcogenides in general and grew TaS,, TaSe,, and NbSe, nanoplates between
15nm and 60 nm thick and 300 nm to 800 nm wide.'® TaCl;/NbCly, elemental S/Se,
and dodecylamine (surfactant) were combined in a flask under N, to react at 250 °C
for 2-4h. The intermediate was then extracted with hexane and further heated in a
quartz flask under N, at 650 °C for 2-4 h.

Ueno et al and Shimada et al. grew ultrathin films of NbSe, and TaSe, using a
technique called van der Waals epitaxy (VDWE), which is molecular beam epitaxy

(MBE) that proceeds with van der Waals forces.™'¥ By relying on the layered-nature



of these materials, the authors claimed heteroepitaxy with up to 50 % lattice mis-
match can be achieved. Ta/Nb was e-beam deposited while Se/S was sublimed from
a Knudsen cell. Substrate temperatures were about 500 °C. Films of thickness up to
16 monolayers were grown, and good crystallinity and flatness were reported.

The aforementioned non-electrochemical growth methods tend to involve high
temperature and/or pressure. Growth time is usually long as well. The idea of an
electrochemical growth method is enticing for making the tantalum or niobium chalco-
genide films, as the growth conditions are usually close to ambient and therefore are
easily attainable. The depositions of Te, Se and S have been studied and are fairly
well-known by the Stickney group.?°?* Tantalum and niobium, however, are far more
difficult to electrodeposit since aqueous electrochemical studies of the two transition
metals under ambient conditions are scarce in the literature. Previous attempts to
electrodeposit tantalum or tantalum alloys in aqueous solutions typically involved
using temperatures between 65 °C and 90 °C at various pH conditions under constant
current densities. Those electrodeposition attempts were not reproducible.?®

Tantalum and niobium have similar atomic radius as a result of lanthanide con-
traction, and the two metals also share a great deal of similarities in their coordination
chemistry.?62” A common misconception is that Ta and Nb are highly corrosion resis-
tant, but the two metals are in fact highly reactive. Under ambient conditions, both
tantalum and niobium react with oxygen to form a passive oxide layer.?® This sur-
face oxide has excellent corrosion resistance and causes the metals to appear highly
inert under most conditions. In the presence of this oxide, tantalum is immune to
attacks by common acids such as HCI, H,S0O,, and HNO;. It is even resistant to aqua
regia and caustic alkali solutions.?? The protective oxide layer is known to screen the
metal surface from solution, inhibiting electron transfer and/or resulting in poor film

adhesion.?33 In order to grow high quality deposits, the oxide must first be removed.



The most thermodynamically-stable oxides of tantalum and niobium are Ta,O;
and Nb,Os, respectively.®® The common halide salts of Ta/Nb are soluble in some
polar organic solvents, but they readily decompose in water into the insoluble Ta,O,
or Nb,O5. Aqueous chemistry of tantalum and niobium are therefore limited. In order
to cleanly electrodeposit Ta or Nb, a soluble precursor of the respective metals in
aqueous solutions is necessary.

A Ta/Nb complexing agent is needed to dissolve the metals in aqueous solutions
by preventing precipitation into their respective oxides. Hydrofluoric acid is the most
commonly-known among the few reagents capable of penetrating the protective oxide
to attack the metals.?"2%:35:36 Ta /Nb dissolves in HF by forming mostly anionic fluo-
ride and oxyfluoride complexes. The number of fluoride ligands per tantalum varies as
a function of HF concentration, and tantalum oxyfluorides are more likely to form at
HF concentrations below 0.1 M.3" 3 Voltammetric and impedance studies have been
done on Ta electrodes in HF to show the dissolution of Ta and Ta,O; into soluble tan-
talum fluoride complexes.?®# Similar trends in solubility and fluoride complexes are
expected in an Nb—HF system, since Ta and Nb tend to share very similar physical
and chemical properties.

Aqueous Ta—HF and Nb—HF solutions are conceptually simple to prepare by
dissolving the respective metal oxides in HF'; however, HF is extremely hazardous to
health. A certain level of free fluoride ions is needed in solution in order to maintain
a desired concentration of a particular Ta/Nb fluoride complex. The fluoride ions can
potentially etch instruments and/or substrates, so fluoride may not be desirable as
the complexing agent. Soluble Ta/Nb complexes have been known to form in aqueous
solutions of oxalic, tartaric and citric acids. Water-soluble complexes with peroxides,
some a-hydroxy acids and some amines have also been reported.?6-42
The first step of preparing soluble Ta/Nb solutions reported in the literature

usually involves obtaining the hydrated oxides of the respective metals. The hydrated



oxide can then be dissolved in H,O in the presence of a proper complexing agent. The
hydrated metal oxides, sometimes referred to as Ta/Nb hydroxides or tantalic/niobic
acids, can be obtained by fusing the metal oxides with KOH in a crucible at 400-
500 °C for 2-5h. To obtain a peroxo complex, the melt is filtered and dissolved in H,O
and excess H,O, while hot.*® To obtain the hydrated oxide, the melt is dissolved in
H,0 and filtered. The hydrated oxide is precipitated from the resulting clear solution
by addition of glacial acetic acid followed by filtration or centrifugation.**

An alternative way to obtain the hydrated metal oxide is by first dissolving Ta,O;
or Nb,O, in HF. Addition of ammonia to the clear solution will precipitate out
the hydrated metal oxide, which can then be filtered and isolated.*>*" Addition of
ammonia to a colloidal suspension created by adding the metal chloride salt to H,O
will also form the hydrated oxide.*® Once the hydrated metal oxide is obtained, it
can be dissolved in H,O with stirring and heating in the presence of a stoichiometric
excess of tartaric acid, citric acid or oxalic acid.

Electrochemical atomic layer deposition (E-ALD) was proposed as the method
of choice for growing Ta/Nb chalcogenide films in this project. E-ALD is the elec-
trochemical form of ALD, which is a method to form materials one atomic layer at
a time. Conventional ALD is a gas-phase technique. Very fine control is possible in
ALD because the reactions involved are surface-limited. Exposing a substrate to a
sequence of gases, in which each gas deposits up to only one atomic layer onto the
substrate, constitutes a cycle. The thickness of the material is determined by the
number of cycles used during the material growth. Materials formed by ALD usually
have exceptional quality.

In E-ALD, electrochemical surface-limited reactions, generally referred to as
underpotential deposits (UPD), are used.?24%5 UPD is where the first atomic layer
deposits at a potential prior to, or under, that where the element deposits onto itself.

It results from the free energy of formation of a surface alloy or compound. The



surface-limited nature of UPD is generally used in an E-ALD cycle, where solutions
containing different elements are exchanged at controlled potentials. Thin films of
desired thicknesses are formed by repetition of that cycle.

Figure 1.1 shows the schematic of an E-ALD flow cell system. Different precursor
solutions and blank rinsing solutions are contained in their own bottles. The bottles
are individually connected to a distribution valve, which is in turn connected to a
flow cell and a peristaltic pump. The solution bottles, the valve, and majority of
the solution tubes are housed within a Plexiglas box. The solutions and the box are
directly purged with nitrogen to exclude air from interfering with the electrochemical
reactions of interest. Both the distribution valve and the pump are digitally controlled
by a controller board interfaced to a computer. That allows the computer to select
a particular solution to pump through the flow cell. The flow cell is a 3-electrode
electrochemical cell that contains a planar substrate as the working electrode, a 3M
Ag/AgCl reference electrode, and a Au wire auxiliary electrode parallel to the working
electrode. Figure 1.2 shows the schematics for a version of the E-ALD flow cell. Com-
pared to a conventional electrochemical cell setup, this flow cell has the additional
advantage of excluding air from the reactants and the ability to change solutions
without losing potential control of the working electrode. The potentiostat that con-
trols and monitors the potential and current of the flow cell is also interfaced to the
computer. Since the potential controls and the solution flows are managed through
the computer, a vast number of electrochemical experiments and depositions can be
automated.

For the purpose of growing tantalum and niobium chalcogenide films, the elec-
trodepositions of Ta and Nb from a soluble species are requisites. No report of suc-
cessful tantalum or niobium deposition in aqueous solutions is known from the liter-
ature, so experimental values of Ta/Nb deposition potentials are not available. Based

on the Gibbs energy of formation for Nb,O;, Latimer calculated the electrode poten-
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tial E° for the reduction of the niobium pentoxide to niobium metal to be —0.65 V.5
Pourbaix reported the theoretically calculated E° for reduction of tantalum pentoxide
to tantalum to be —0.75 V.2 Attempts to deposit Cu onto Ta suggested that the oxide
can be reduced by applying an overpotential.32-33:52

Bulk sulfur deposition from a sulfide solution occurs positive of —0.6V wvs.
Ag/AgClL? Se deposition occurs at potentials negative of —0.7V in a pH 4.7 Se
solution.?! Bulk Te can deposit over a wide range of potentials from 0.2V to —0.8V,
depending on the solution pH.? Based on the experimentally-reported potentials for
depositions of the chalcogens, S/Se/Te can possibly coexist at the same potentials
where Ta/Nb should be reduced.

While experimental data demonstrated that it is possible to deposit Te and S
onto a reduced Ta surface, the attempts to electrodeposit Ta or Nb were met with
extreme difficulties. The preliminary Ta/Nb precursor solutions made by following
recipes found in the literature were prone to precipitation. Due to the lack of a
reliable carboxylate-based precursor along with the hazards involved in using HF
either during the synthesis steps or as a final complexing agent, the objective to grow
Ta/Nb chalcogenides by E-ALD was deferred. Instead, the focus was shifted toward
studying the electrodeposition of molybdenum for the purpose of forming molyb-
denum dichalcogenides. Because the electrodeposition of molybdenum dichalcogenides
is also challenging owing to the difficulties in depositing molybdenum, a successful
method for electrodepositing molybdenum dichalcogenides might be applicable for
depositing Ta/Nb chalcogenides.

Aside from growing molybdenum dichalcogenides, understanding the electrochem-
istry of Mo is also crucial for making materials for photovoltaic (PV) devices. In the
area of PV, Mo is commonly used as a back contact for the absorber material.?* 5
A detailed understanding of the Mo surface would be essential for electrochemical

growth of the absorber material onto the substrate. For example, poor adhesion of
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the absorber to the substrate may adversely affect the electron-hole transport charac-
teristics and lead to lower device performance.’” The ability to modify the substrate
to improve the interface between Mo and the absorber is therefore highly desirable.

MoX, belongs in the category of transition metal dichalcogenides (TMDCs) that
has the general formula MX,, where M is a transition metal (such as Ta, Nb, Mo, or
W) and X is a chalcogen (S, Se, or Te).? TMDCs are a subset of 2D materials that
have garnered much attention from material chemists, physicists, and engineers. It is a
blooming field that trails the glamour brought about by graphene, which is commonly
seen as the epitome of a 2D material.®®%" Since intrinsic graphene has no band gap,
semiconductor TMDCs such as MoX, and WX, are seen as promising complements
to graphene.®’ Unlike graphite, which is composed entirely of one element and the
graphene sheets are only one atom thick, TMDCs are structurally more complicated.
Similar to graphite, bulk TMDCs are also composed of sheets that interact with each
other via van der Waals forces.®* However, each MX, sheet is a trilayer made up of
a transition metal center layer sandwiched by two chalcogen layers. The interaction
among these layers within the trilayer is covalent. Depending on the stacking orien-
tations of the trilayers with respect to each other, different structural polytypes can
exist for the bulk material.

Properties of molybdenum dichalcogenides and tungsten dichalcogenides, espe-
cially the disulfides, have been widely investigated for their potential applications. As
the material thickness decreases, the band gaps of MoX, and WX, exhibit a crossover
from indirect to direct transitions in the limit of a single layer.52% These particular
materials also have band gap energies in the UV-visible region, making them potential
materials to be used in making photonic and optoelectronic devices.%%%" In the area
of renewable solar energy research, MoSe, and WSe, can be used as a catalyst or as

68-72

a catalyst support for hydrogen evolution reaction (HER). Group VI transition

metal dichalcogenides such as MoSe, and MoS, are potentially more suitable than
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semiconductors such as CdS, CdSe, PbS and GaAs as photoelectrodes in regenerative
electrochemical solar cells. The photogenerated excitons in these TMDCs originate
from the non-bonding d-orbitals, thus the photoinitiated reactions arising from these
transitions do not directly result in broken crystal bonds, making these materials less
susceptible to photodecomposition.™

Individual MX, materials already exhibit very unique properties for a wide range
of potential applications. For example, the thicknesses of few-layer MoS, flakes
are identifiable by their Raman frequency shift.”™. MoS, also exhibits dramatically
higher photoluminescence quantum yield as the thickness decreases.® More inter-
esting characteristics can be observed by combining different MX, as heterostructures
or alloys.”™" By forming heterostructures of two different MoX,, properties such as
the band gap, band offset, carrier densitiy, and polarity can become more tunable.””
The isomorphic nature of the TMDCs makes substitution at the atomic level possible
without phase separation.”™ For instance, MoS, can be doped with Se to have the Se
substitution occur only at the S sites. By controlling the dopant concentration, the
band gap can be continuously tuned between that of MoS, and of MoSe,.

Heterostructures of MoX, and WX, generally come in two forms: stacked het-
erostructures and lateral heterostructures. The stacked heterostructures are formed
by the vertical interaction of one trilayer of a MX, material with another trilayer of
a different MX, material. The interaction is through van der Waals forces similar to
the interaction among trilayers within the bulk of the same MX, material. Lateral
heterostructures are formed by in-plane interconnection of two different MX, mate-
rials at a heterojunction. The interaction at the heterojunction is covalent just as the
interaction between the transition metal and the chalcogens within a trilayer of the
same MX, material. Obtaining one heterostructure over another can be a function

of the growth temperature.” A new band gap different from those of the individual
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MX, components can arise as a result of coupling between the two different MX,
layers in the stacked structure.®

More attentions appear to be focused on lateral heterostructures because of inter-
ests in the lateral heterojunction. A lateral heterojunction between two different MX,
materials can form a p-n junction with an atomically sharp interface. Such a junction
holds the prospect of creating monolayer p-n rectifying diodes, light-emitting diodes,
photovoltaic devices, and bipolar junction transistors.”” Similar to the stacked het-
erostructures, the lateral structures can possess a new band gap different from those
of the individual MX, components. Within the monolayer lateral heterostructure, the
original band gaps of the individual MX,, components can still exist on their respective
sides across the interface. Furthermore, a new band gap can be found at the hetero-
junction. Additionally, photoluminescence at the heterojunction is more intense than
at either sides of the junction.®!

While particular TMDCs such as TaX, and TiX, are commonly grown by the CVT
method to make pristine bulk single crystals, chemical vapor deposition (CVD) has
recently become more commonly used for growing MoX, and WX,.9982:8% The CVD
growth of Mo/W dichalcogenides were usually restricted to a few monolayers because
the interests were mostly focused on their few-layer properties.®* Contrary to exfolia-
tion of CVT-grown crystals, CVD is a bottom-up growth method that eliminates the
need for exfoliation when monolayers are desired.®

The setup for CVD of Mo/W chalcogenides shares some resemblance to the setup
for CVT. In both CVT and CVD, the reactions are carried out in a horizontal quartz
tube furnace. A main difference is that the tube is not sealed and no foreign transport
agent is needed in the CVD. In place of a transport agent, a carrier gas stream assists
in the transport of reactants. Inside the quartz tube, unlike in CV'T, the reactants
are placed in separate locations, and a Si/SiO, substrate is generally used. Since the

reactants and substrate are placed at different locations, they can be heated separately
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to different temperatures during growth. The reactants are always placed upstream
of the carrier gas flow while the substrate is placed downstream.®*

When growing Mo dichalcogenides, the precursors may be pre-synthesized MoX,
powders.8! More commonly, the precursors are the chalcogen in its elemental state and
MoQ,.™883:848687 Relative to the gas flow, the chalcogen is placed upstream, followed
by the MoO, downstream, then the substrate. The carrier gas is mostly inert, usually
N,/Ar, and might or might not contain H, depending on the chalcogen.™®® The
reaction temperatures can reach up to 850 °C. For WX,, growth, the precursor can be
WX, powders, similar to the case of MoX,.8! The precursors can also be the chalcogen
powders in their elemental state placed upstream while either W powder is placed
onto the substrate or WOy, is pre-deposited onto the substrate downstream.®”

The Penner group had created MoS, nanowires by an interesting combination of
electrodeposition with vapor phase reactions. The group originally devised a method
to create Mo nanowires selectively onto step edges of HOPG substrates.”>! The
method involves first electrodepositing MoO, onto the HOPG step edges. Because
the step edge sites of HOPG are significantly more reactive than the terrace sites,
MoO, can be deposited exclusively onto the step edges by properly controlling the
substrate potential. Following the MoO, electrodeposition, the deposit was transferred
to a tube furnace where the MoO, nanowires were reduced to metallic Mo nanowires
in the presence of H, (10% H,/90 % N,) at 500 °C. This method of preparation was
referred to as electrochemical step edge decoration (ESED).

Following the initial work done on creating the Mo nanowires, the group extended
the work to make MoS, by the same method.?? Initially in the preparation, MoO,
was again electrodeposited onto step edges of HOPG by ESED. The MoO,-decorated
substrate was then transferred into a tube furnace where it was exposed to flowing

H,S at 500-1000°C. Sulfidization of the MoO, occurred for 5-84h to convert the

MoO,, into MoS,. Two types of MoS, was formed as a function of the temperature
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used. Between 500°C and 700 °C, 2H-MoS, nanowires were formed. Above 800 °C,
3R-MoS, nanoribbons were made.

The formation of MoSe, by E-ALD was attempted in this project. In the electro-
chemical formation of MoSe,, a major obstacle lies in the difficulty in electrodepositing
Mo. Metallic Mo electrodeposits at a potential where HER can thermodynamically

occur. In theory, Mo electrodeposition can proceed by the reaction>%3

MoO,> +4H,0+6¢ <—Mo+8O0H E°= 0913V vs. SHE. (1.1)

Pure Mo electrodeposition from aqueous solutions typically has ~1% current effi-
ciency at best due to the concurrent HER as the dominant side reaction.®*% Mo
deposition can be facilitated by depositing it as an alloy with Fe, Co, or Ni.?6*7 The
success in codepositing Mo as an alloy with an Fe-group metal guided the prospect
of using chalcogen to induce Mo electrodeposition.”® %! The present work examines
the electrodeposition of Mo together with Se by E-ALD. The interaction between the
electrodeposited Mo and Se led to the formation of MoSe,. While the as-deposited
films contained significant amount of oxide impurity, the film compositions can be
improved by annealing at temperatures considerably lower than those used in CVD

of MX,.
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2.1 ABSTRACT

This report discusses the reductive removal of Ta oxide electrochemically using cyclic
voltammetry (CV), in-situ electrochemical scanning tunneling microscopy (EC-STM),
and X-ray photoelectron spectroscopy (XPS). From CVs, it was shown that the longer
a Ta electrode was maintained at potentials negative of —1.5V, the more surface
oxide that was reduced, as evidenced by increases in hydrogen evolution. Atomically-
resolved EC-STM images were obtained after reduction at —1.8 V. The efficacy of Te
at passivating Ta surfaces was investigated and found to work well, from EC-STM,
CVs and XPS. S and Cu were also deposited onto Ta following an oxide reduction
step. EC-STM images of the Ta surface in HTeO," and Na,S solutions suggested the

formation of TaTe, and TaS,, respectively, on the surface.

2.2 INTRODUCTION

Tantalum is a refractory metal that forms a stable surface oxide layer, Ta,O,, when
exposed to ambient conditions. The native oxide formed in air is about 2-3nm
thick.! This passivating oxide is resistant to most commonly-known acids and
bases,* 6 making further reactions with the underlying metallic tantalum difficult.
Owing to its passive oxide layer, tantalum has special importance in applications
such as liners for corrosion- and heat-resistant equipment, capacitors, and biomedical
uses.57

The presence of the oxide layer on Ta is not always desirable. In the copper dama-
scene process for interconnect technologies, Ta is typically used as a diffusion barrier
layer between Cu and silicon dioxide or the low-k interlayer dielectric.®® Deposition
of Cu onto the Ta barrier is heavily influenced by the oxide layer. Historically a Cu

seed layer is first deposited by physical vapor deposition (PVD) on the oxide, before

the electrochemical fill step. The seed layer should be a conformal homogeneous layer
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of Cu a few atomic layers thick. However since the Cu seed deposits by nucleation and
growth on the Ta oxide, it is not homogeneous or conformal and is much thicker than
desired as the dimensions of vias continue to decrease. If Cu could be electrodeposited
directly on the Ta barrier metal, not the oxide, a seed layer might not be necessary.
Removing the Ta oxide would be the first step to realizing this advance.'® 13,

TaX,, (X =S, Se, or Te; n = 2 or 3) are transition metal chalcogenides (TMCs)
that possess layered (n = 2) or chain-like (n = 3) structures.'*!> Similar to graphene
in graphite, the highly-anisotropic TMCs are composed of layers or chains that
interact through van der Waals gaps. Interesting phenomena such as charge-density
waves (CDW) and superconductivity arise, at least partially, from the compound’s
anisotropy.’® Recently there has been heightened interest in application of TMCs
in electronic and optoelectronic devices.!”® Attention has focused particularly on
2D nanosheets of the TMCs, which may exhibit properties different from the corre-
sponding bulk materials. Recent experimental and theoretical works have indicated
that thin films of transition metal chalcogenides can exhibit CDW transition tem-
peratures higher than those of their bulk counterparts.'®?° High-quality TMCs have

2123 which requires

traditionally been grown using chemical vapor transport (CVT),
high temperatures for a week. The need for thin film CDW materials has motivated
attempts at growing TMCs by alternative bottom-up methods, possibly by electro-
chemical atomic layer deposition (E-ALD).2427

The present study is a first step in determining if E-ALD can be used to grow
transition metal (valve metals: Ta, Nb and Ti) chalcogenide (S, Se and Te) films at
room temperature. Atomic Layer Deposition (ALD) is a deposition method based
on the use of surface-limited reactions to form deposits one atomic layer at a time.
Electrochemical surface limited reactions are referred to as underpotential deposits

(UPD).2839 UPD is where the first atomic layer deposits at a potential prior to, under,

that needed to deposit the element on itself. In E-ALD atomic layers of the elements
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are deposited alternately on each other, in a cycle. The more cycles performed the
thicker the deposit. To develop an E-ALD cycle for the deposition of a compound,
the electrochemical behavior of the participating elements on each other should first
be investigated. This is a study of the electrochemical surface chemistry of Te and S
on Ta, as a precursor to designing a cycle for the formation of TaTe,, and TaS, (n = 2
or 3) using E-ALD. It is also a precursor to development of a seedless process for Cu
on Ta.

The stable Ta,Oy is an n-type semiconductor with a band gap of about about
4eV 3132 and its standard reduction potential is —0.75V vs. SHE.?3 To follow the
state of the surface under electrochemical reduction, cyclic voltammetry (CV), elec-
trochemical scanning tunneling microscopy (EC-STM) and X-ray Photoelectron Spec-
troscopy (XPS) measurements were performed. In addition, the deposition of Te, S,

or Cu on the reduced Ta surfaces was performed.

2.3 EXPERIMENTAL

All potentials were reported vs. a Ag/AgCl (3M KCl) reference electrode (Bioana-
lytical Systems, Inc.). The Ta foils were purchased from Alfa Aesar, 99.95%, and
were 0.5 mm thick. Ta/Au/glass substrates were made by in-house by e-beam evap-
oration of Ta (Kurt J. Lesker, 99.95 %) onto commercial Au/glass (EMF Corp) sub-
strates. The Au/glass substrates had a 100 nm Au layer and a 5nm Ti adhesion layer,
between the Au and glass. The e-beam deposited Ta layer was ~100 nm thick. All
solutions were prepared with 18 MQ2 H,O from a Milli-Q purification system. The fol-
lowing reagents were used: NaClO, (Fisher Scientific, HPLC grade), NaHCO, (J.T.
Baker), KOH (J.T. Baker), NaOH (Fisher Scientific, 98.9 %), KCl1O, (Sigma-Aldrich,
99.99+ %), TeO, (Alfa Aesar, 99.995 %), Na,S (Sigma-Aldrich, 99.99+ %), Cu(ClO,),
(Sigma-Aldrich, 98 %).
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A Nanoscope I1I (Digital Instruments, Santa Barbara, CA) was used with a custom
built in-situ EC-STM cell. This cell used a Au wire auxiliary electrode and a com-
mercial 3M Ag/AgCl reference electrode (BAS). All EC-STM images were obtained
using W tips partially coated with nail polish. STM dimensions were calibrated using
HOPG, (0.25 £ 0.01) nm. XPS studies were carried out using a Mg Kay » (STAIB)

X-ray source, at ~70° to hemispherical analyzer axes (Leybold Heraeus).

2.4 RESULTS AND DISCUSSION

2.4.1 'TA OXIDE REDUCTION STUDY

The redox behavior of a Ta foil electrode was initially studied using cyclic voltammetry
(CV). The inset of Figure 2.1 shows a CV cycle of the Ta electrode in 1.78 M KOH
over the potential range of —1.6V and —0.2V. Two points are observed where the
currents of the forward and reverse scans cross, at —1.48 V and —0.55 V. It is proposed
that the bulk of the charge passed negative of —0.6V is due to the hydrogen evolution
reaction (HER), while positive of —0.2'V the current is primarily Ta oxide formation.
Kinetics for both of these electrochemical reactions are significantly affected by the
oxide thickness on the working electrode.?? For a given applied potential, part of the
potential will be dropped across the oxide layer, with an increasing fraction as the

1034 Tt is assumed that some of the negative

oxide thickens, reducing the driving force.
potential applied to the Ta electrode is dropped by the presence of an oxide, so that
the potential at the oxide-solution interface will be lowered. The thicker the oxide
layer, the less negative the potential will be, and the lower the HER rate.?® From the
inset of Figure 2.1, it is evident that there is more HER scanning positive, than there
was during the initial negative-going scan. This suggests some loss of oxide at the
most negative potentials, near —1.6 V. Scans were performed with the Ta electrode

to various positive potential limits. Figure 2.1 displays the subsequent HER currents

near —1.6 V, after reversing the previous scan at the indicated potentials. When the
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potential was scanned to —420mV twice, the second scan shows more HER current
than the first scan, suggesting there was a net oxide removal, though the removal
process was slow. As the positive potential limit was increased, the HER current
decreased, indicating that more oxide was produced during the more positive portion
of the scan, resulting in lower HER currents at the more negative scan potentials. If
the potential was kept below —0.42V, no significant oxide increase occurred in the
positive part of the scan, and during the subsequent cycle, still more oxide reduced at
—1.6'V, as evidenced by the increase in HER. For reference, the theoretical potential

(vs. 3M Ag/AgCl) for oxidation of Ta to Ta,O; is given by3?

E (V) = —0.960 — 0.059 - pH (2.1)

Figure 2.2 shows EC-STM images of the Ta electrode surface while it was scanned
between —1.3V and —0.6V in a 0.1M KCIO, electrolyte solution. Fj;, o, the tip
potential relative to the working electrode, was 580 mV. The tip current, Lcipv was
between —2 and —4nA. The surface was first held at —1.0V for 10 min to reduce
Ta oxide prior to imaging. Patches showing a step-terraced surface, with 5—-10nm
steps, were observed. Triangular pits, outlined in Figure 2.2b, were observed to grow
during the scan. Atomic-level images of the surface were not obtained, presumably
because the surface was not completely reduced. Atomically-resolved images are not
expected if tantalum oxide were present on the polycrystalline Ta substrate. Tantalum
oxide formed natively in air is multiple layers thick,'? and Ta,Oy formed at low
temperatures is known to be disordered and possibly amorphous.?®3" Since tantalum
oxide is an n-type semiconductor with a 4-eV bandgap, it can act as a barrier to
electron tunneling, exponentially reducing the probability as the oxide thickens.?®
The potential was then held at —1.8V for approximately 30 min, though due to
extensive hydrogen evolution the potential was stepped to near —1V for imaging.

Atomically-resolved images were then observed (Figure 2.3). The surface appeared
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Figure 2.1: Ta foil in 1.78 M KOH. Scan rate: 10mV s~!. Electrode area: 1.8 cm?.
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Figure 2.2: EC-STM images of Ta foil at between —1.3V and —0.6V after holding
at —1.0V for oxide reduction. 0.1 M KCIO, (pH ~ 5) was used as the electrolyte.
Triangular pits that grew during imaging are outlined in dashes in (b). The height
scale at the bottom left of each image ranges from 0 to 10nm. Ey;, . : 580mV. (a)
Lﬁip : —2.14nA. (b) Itip : —3.67nA.
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to display a (1 x 1) structure on Ta(110) facets. The measured interatomic distance
was (3.0 £0.2) A, which is in good agreement with the expected value of 2.86 A. After
approximately 20 min, atomic resolution was lost, presumably because the surface
was slowly re-oxidizing near —1V. Attempts to obtain atomically-resolving images
using a Ta(111) single crystal were unsuccessful, suggesting the overpotential needed
for oxide reduction is facet-dependent and is greater for Ta(111) than for Ta(110).
Such a difference would be consistent with reports that electrochemical reactions on
polycrystalline Ta/Ta,O5 electrodes are spatially-localized, to certain electroactive

sites. 132

2.4.2 CHARACTERIZATION OF TE DEPOSITION ONTO TA BY EC-STM

Te was investigated as a possible passivating agent for Ta, given its ability to passivate
other metal surfaces such as Cu and Au, and because the electrochemistry of Te has
been studied extensively by this group for 25 years.?¥#? Successful deposition of Te
onto Ta is also relevant to the attempts by this group to form metal chalcogenides
for CDW device fabrication. After reductive removal of the Ta oxide layer, Te was
deposited at —1V. After Te deposition, the solution was exchanged for 0.1 M KCIO,
blank for imaging. It is expected that any bulk Te present initially would be reduced
to a soluble Te?  species, leaving no more than an atomic layer of Te atoms on
the surface. However, if TaTe, was formed, it might be more than one compound
layer thick. The Ta surface was relatively easy to image after Te deposition, as can
be seen from the atomically-resolved EC-STM images in Figure 2.4. The images
were stable for substantially longer times and over a wider potential range, up to
—0.3V, compared to the Te-free surface. Both observations suggest the Te layer was
electrodeposited onto a Ta surface and protected the Ta surface from oxidation.

A particularly interesting Te-covered surface structure at —0.5V in 0.2mM

HTeO," solution is shown in Figure 2.5. The structure resembles a “double zigzag”
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Figure 2.4: EC-STM images of various densely-packed bcc(hkl) surfaces of Te on
Ta/Au/glass substrate. Te was deposited onto a Ta/Au/glass substrate at —1V from
a solution containing 0.2 mM HTeO," and 0.1 M KCIO,. Images were obtained in 0.1 M
KClO,. E}i,g ¢ 100 to 420mV; Itip + —9.95 to —36.2 nA.
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Figure 2.5: EC-STM images of a Te-covered Ta/Au/glass surface at —0.5V in a
0.2mM HTeO," solution (pH ~ 5). The atomic distance is (0.33 & 0.02) nm. The
distance indicated by the solid line in (a) is ~22 A. Epias : 200mV; Ty, (a) —18nA
and (b) —20nA.
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pattern reported by Kim et al. for a 17-TaTe, (001) surface, suggesting TaTe, formed
on the electrode surface.*® Kim used AFM to image the single crystal TaTe, surface
and measured the unit cell parameters a and b to be (19.2 4 0.2) A and (3.6 £ 0.2) A,
respectively, which are in agreement with the crystallographic data published by
Brown.** In this EC-STM study, the measured interatomic distance was 3.3 A and
the periodic distance in the direction perpendicular to the rows of Te atoms was
about 22 A as indicated in Figure 2.5. The measured distance appear consistent with
the values reported by Kim and by Brown. If TaTe, was formed on the Ta electrode,
the discrepancy with the measured distances might be microscope drift. If the Te is
present as a single layer on the metallic Ta surface, different lattice constant would be
expected relative to those for a TaTe, nanofilm. During imaging, some small particles
appeared in the images, suggesting that some nm-sized flakes of TaTe, were present.
The particles were very mobile, indicating that they were not strongly bound to the
surface, as the tunneling process itself moved them, as would be expected for a van

der Waals material like TaTe,.

2.4.3 CHARACTERIZATION OF TE DEPOSITION ON TA BY CV AND XPS

Cyclic voltammetry and X-ray photoelectron spectroscopy were also used to investi-
gate deposition of Te on Ta electrodes and the possibility of passivating Ta with Te.
CVs of a Ta foil in a pH 10.5 solution of TeO, are shown in Figure 2.6a. The poten-
tial was initially held at —0.9 V to promote oxide reduction and Te deposition. In the
initial positive scan, significant oxidation was observed above —0.66 V (red). From
the blank scan in Figure 2.6b (no TeO,) similar oxidation current was only observed
for the first positive scan (red). This initial oxidation is proposed to correspond to
the irreversible oxidation of Ta or oxidation of an unstable surface layer of Ta, ini-
tially present.24546 On top of this irreversible oxidation current, bulk Te oxidation

is observed starting at —0.15V in Figure 2.6a. A comparison of the oxidation current
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Figure 2.6: (a) CV of a polished Ta foil in 0.25mM TeO, (pH 10.5). The potential
was initially held at —0.9V for 10 min before started scanning positive. (b) CV of a
polished Ta foil in 0.1 M NaClO, blank (pH 10.5). The potential was initially held at
—1.2V for 10 min before started scanning positive.

44



negative of —0.1V in Figure 2.6a (red solid) with that in Figure 2.6b (red solid) sug-
gests that adsorbed Te may have suppressed some of the Ta oxidation. Between —0.1
and 0.5V in Figure 2.6a two or three peaks for Te oxidation are evident. The second
cycle (green dash), however, shows only one. Subsequent cycles show increases in the
first peak and growth of a second. A reduction feature between —0.7V and —1.0V
corresponds to the initial deposition of Te. The lack of voltammetric features for Te
between —0.2V and —0.8V is characteristic of the well known irreversibility of Te
deposition.

A Ta/Au/glass electrode was first cleaned by cold Ar" ion bombardment in the
UHV chamber, and then transferred to an UHV antechamber equipped with an elec-
trochemical cell. The open-circuit potential (OCP) of this sample in a pH 10 TeO,
solution was —0.85V. Te was deposited by scanning the potential negative from the
OCP and cycling between —1.6 V and —0.4V three times, followed by a 1-min hold
at —1.6 V. The sample was then transferred back to the UHV analysis chamber for
XPS analysis. Figure 2.7 shows XPS spectra for Ta, O, and Te. Spectra of Ta and
O before and after Te deposition are shown for comparison. While the intensities
of the oxidized Ta peaks remain relatively unchanged, the metallic Ta peak intensi-
ties drop dramatically, most likely due to oxidation of metallic Ta near the surface.
However, the O signal intensity was relatively unchanged, possibly indicating that
some metallic tantalum instead reacted with Te, which protected the Ta from oxida-
tion during transfer from the ante chamber (in wet UHP Ar gas) into the analysis
chamber at UHV. For 17-TaTe,, the expected binding energies of the Ta 4f7/, and
4fs5/o peaks are 22.4 and 24.3eV, respectively.*” That no clearly resolved peaks are
evident for this shift probably results from it being a minority species, with respect

to the multiple layers of oxide present.
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NaHCO,. Prior to Te deposition, the electrode was cleaned by cold ion bombardment
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Figure 2.8: EC-STM images of Ta/Au/glass electrode surface in a 2mM Na,S solution
at (a) —1.5V, (b) —1.3V, (¢) —1.0V, and (d-f) —0.5V. The height scale ranges from
0 to 5nm for (a) to (c) and from 0 to 2nm for (d). E};,s : 300 to 500 mV; Itip « —10
to —66 nA.
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2.4.4 CHARACTERIZATION OF TA SURFACE EXPOSED TO S AND CU DEPOSITION

BY EC-STM

While sulfur adsorption is pertinent to the formation of tantalum sulfide for CDW
applications, sulfur and copper are important in the damascene process in ULSI. In
this report S and Cu were studied separately on Ta surfaces. Similar to the EC-STM
study of Te on Ta, described above, a Ta/Au/glass electrode was electrochemically
reduced at —1.8V to remove oxide. Following the oxide removal step, sulfide was
introduced to the elctrochemical cell, and S was deposited on the Ta surface at a
range of potentials. EC-STM images following the surface morphology as a function
of potential are shown in Figure 2.8. As the potential was shifted incrementally
from —1.5V to —0.5V, rod-like structures were seen to grow over the surface. These
rods resemble the monoclinic TaS,; (m-TaS;) chain structure. Most transition metal
trichalcogenides, like TaS,; and NbSe;, possess pseudo one-dimensional chain struc-
tures weakly held together by van der Waals forces.!®48

Figure 2.9 is a close-up image of the rod-like structure at —1.3V in a 2mM Na,S
solution after a half hour of imaging. The measured interatomic distance, indicated
by the solid line, was about 2.2 A. The width of the rod, indicated by the dotted line,
was about 6.8 A. The separation between two rods (the dashed line), presumably by
a van der Waals gap, was about 7.8 A. Comparison of dimensions from the a-c¢ plane
of m-TaS; bulk crystals show a very similar chain-like structure to those observed
in the EC-STM images in Figure 2.8.%° The average sulfur interatomic distance was
2.5 A along the c-axis. The chain width along the a-axis was about 6.7 A, while the
van der Waals gap between chains was about 2.3 A. Only the presumed van der Waals
gap width disagrees appreciably between the measurements. If the rod-like structures
do correspond to TaS;, the discrepancy between the measured distances and those
of the known bulk crystal may arise from stress exhibited by the TaS, chains on the

Ta substrate. Van der Waals gaps are expected to be most susceptible dimensions to
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Figure 2.9: A close-up EC-STM image of the S-covered Ta/Au/glass surface in a 2 mm
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49



such a stress, possibly resulting in a larger deviations in measured widths. The weak
van der Waals forces can also be distorted by the tip/surface interaction, potentially
leading to surface instability and perturbation by the tip.*®

Following the oxide removal step, Cu was deposited onto a Ta/Au/glass substrate
near —1V in a 1mM CuClO, solution. Similar studies of electrochemical Ta oxide
removal followed by Cu electrodeposition have been reported.'?!3 Atomically-resolved
EC-STM images of the Cu lattice on the Ta at —1V in 0.1 M KClO, are shown in
Figure 2.10. Step terraces resembling Cu(111) and Cu(100) were observed. In Figure
2.10a, the Cu(100)-like surface has an interatomic distance of (0.27 £ 0.02) nm and

an average step height of (0.20 £ 0.02) nm.

2.5 (CONCLUSION

The electrochemical oxide reduction of Ta was studied by CV, STM and XPS. CV
initially suggested some oxide can be reduced at very negative potentials, as indicated
by changes in the HER current. In the EC-STM study, an oxide-removal step at
—1.8 V was used to obtain atomic resolution images. The EC-STM study also showed
that an oxide-free Ta surface would spontaneously re-oxidize even at —1 V. Use of Te
to passivate the Ta surface also resulted in atomic resolution, and suggested greatly
increased stability, up to as much as —0.3V. A “double zigzag” pattern observed in
some STM images appears to be evidence of TaTe, formed on the surface. S and Cu
were also deposited onto Ta following the oxide-removal step. EC-STM of the S layer
on Ta displayed rod-like structures that resemble TaS; chains. CV and XPS data

support these conclusions, but there are more questions to be addressed.
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CHAPTER 3

ELECTRODEPOSITION OF MOLYBDENUM DISELENIDE BY ELECTROCHEMICAL

Atomic LAYER DEPOSITION (E-ALD) !

!Tsang, C.; Ledina, M.; Stickney, J. To be submitted to the Journal of the Electrochemical
Society.
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3.1 ABSTRACT

Cyclic voltammetry (CV) of Au in MoO, and SeO, solutions were studied under
both basic and acidic conditions for the prospect of electrodepositing MoSe,. Pre-
liminary MoSe, thin films on Au substrates were formed by E-ALD from the acidic
MoO, and SeO, precursor solutions. Photoelectrochemical (PEC) photovoltage mea-
surements revealed an optical band gap of 1.1eV for MoSe, in the as-deposited films.
MoO, impurity was also detected in the films by the PEC measurements. Thermal
annealing can be used to remove Se and MoO, impurities from the films and to
improve film crystallinity, as confirmed by X-ray photoelectron spectroscopy (XPS),
Raman spectroscopy, and electron probe microanalysis (EPMA). This study rein-
forced the premise that Se can be used to suppress Mo oxidation and induce Mo

deposition during the MoSe, film growth.

3.2 INTRODUCTION

Graphene is the epitome of a 2-dimensional (2D) material, and it has garnered the
most spotlights among all the 2D materials known to date.! Trailing the torrential
outpour of graphene-related publications, a separate class of 2D materials is firmly
gaining footholds in the literature. Transition metal dichalcogenides (TMDCs) make
up such a class of 2D materials that are capturing the attentions of material chemists,
physicists and, engineers. Congruent to its name, TMDCs have the general formula
MX,, where M is a transition metal (such as Ta, Nb, Mo, or W) and X is a chalcogen
(S, Se, or Te).2 Each MX, trilayer is made up of two chalcogen layers sandwiching
a transition metal center layer. The trilayers are stacked through van der Waals
interaction in the bulk material, and different structural polytypes exist depending

on the stacking orientations.?
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TMDCs exhibit numerous intriguing properties befitting a wide range of potential
applications. One such property is the ability of some TMDCs to undergo Peierls
transitions to form charge density waves (CDW).* The possibility of utilizing CDW
in electronic device applications has been considered, which recognized the need to
grow TMDC nanofilms by alternative growth methods.>® Preliminary electrochemical
studies of chalcogen deposition onto Ta substrates by this group yielded promising
results, affirming electrodeposition a viable technique for growing TMDCs.”

In the present study, Electrochemical Atomic Layer Deposition (E-ALD) was used
to grow molybdenum diselenide (MoSe,). Whereas conventional ALD is based on gas-
phase chemical reactions, E-ALD is based on the sequential use of electrochemical
reactions to deposit thin films. By using electrochemical surface-limited reactions,
referred to as underpotential deposition (UPD), the deposits can be formed one atomic
layer at a time.®* Atomic layers of the elements are deposited alternately on each
other, in a cycle. The number of cycles performed dictates the thickness of the deposit.

Properties of molybdenum dichalcogenides have been widely investigated for their
potential applications. As the material thickness decreases, both band gaps of MoS,
and MoSe, exhibit a crossover from indirect to direct transitions in the limit of a single
layer.'> 17 Owing to their band gap energies in the UV-visible region, MoS, and MoSe,
have potential uses in making photonic and optoelectronic devices.'®'9 In the area
of renewable solar energy research, MoSe, can be used as a catalyst for hydrogen
evolution reaction (HER).?>?! Group VI transition metal dichalcogenides such as
MoSe, and MoS, can be suitable photoelectrodes in regenerative electrochemical solar
cells because they are less susceptible to photodecomposition. Their photogenerated
excitons originate from the non-bonding d-orbitals, thus the photoinitiated reactions
arising from these transitions do not directly result in broken crystal bonds.??

The difficulty in electrodepositing MoSe, stems from the negative standard reduc-

tion potential for molybdenum deposition, which occurs at a potential where HER
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can thermodynamically occur. In theory, Mo electrodeposition can proceed by this

reaction?324

MoO,>” +4H,0+6¢ +—Mo+8OH~  E°=-0913V vs. SHE. (3.1)

Pure Mo electrodeposition from aqueous solutions typically has ~1% current effi-
ciency at best due to the concurrent HER as the dominant side reaction.?>?¢ Metallic
Mo can be electrodeposited more easily as an alloy with Fe, Co, or Ni.2"?® The suc-
cess in codepositing Mo as an alloy with an Fe-group metal guided the prospect of

using chalcogen to induce Mo electrodeposition.?% 32

The present work examines the
electrodeposition of Mo in the presence of Se. The deposition of both Mo and Se effec-
tively formed MoSe,. Preliminary MoSe, thin films were grown by E-ALD. While the
as-deposited films contained significant amount of oxide impurity, the film composi-
tions were improved by annealing at reasonably low temperatures. Improvements in

the quality of the as-deposited films can be expected by further optimization of the

deposition conditions.

3.3 EXPERIMENTAL

All potentials were reported vs. a Ag/AgCl (3M KCl) reference electrode (Bioana-
lytical Systems, Inc.). The Au substrates (EMF Corp) were 100nm of Au (99.9 %)
evaporated onto glass slides coated with 50 A of Ti as the adhesion layer. All solutions
were prepared with 18 M2 H,O from a Milli-Q purification system. The MoO; solu-
tions were prepared by first sonicating to dissolve MoO, (J.T. Baker, 99.5 %) with
one NaOH (Fisher Scientific, 99.6 %) pellet in ~20mL H,O. The solution was then
diluted to final volume and adjusted to the proper pH. In the basic MoO; solution,
NH,Cl (Macron Fine Chemicals, ACS grade) was added prior to the dilution. To make
the acidic MoOy solution, HCIO, (J.T. Baker, 60-62 %) was used to acidify the basic
MoO, solution without adding NH,Cl. The SeO, (Alfa Aesar, 99.999 %) solutions
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were made by dissolving SeO, in H,O, then adjusting the pH with HCIO, or NaOH.
All solutions contained 0.1 M NaClO, as supporting electrolyte. The NaClO, stock
solution was prepared by neutralizing HCIO, with NaOH. Commercial MoSe, (Alfa
Aesar, 99.9 %) powder was used as a reference in the Raman study.

All electrochemical experiments were done in an automated flow deposition system
(Electrochemical ALD, L.C., Athens, GA). The system was comprised of several dif-
ferent solution bottles connected to a distribution valve. The valve was further con-
nected to an electrochemical deposition flow cell and a peristaltic pump. The flow
cell was a 3-electrode cell that housed a substrate as the working electrode, a 3M
Ag/AgCl reference electrode, and a Au wire auxiliary electrode parallel to the planar
working electrode. The cell had a volume of about 0.3 mL, and its potential was con-
trolled by a potentiostat. The entire system was interfaced to a computer to allow
remote control of the cell potential and the solution flow. During MoSe, deposition,
the flow rate was 15mL min~! for all steps except the stagnant deposition steps where
there was no flow. All CVs were done at a potential scan rate of 10mV s~! and under
flowing conditions at a flow rate of ~2mL min~!. All solutions were purged with N,
(Airgas) before each experiment.

Electron probe microanalysis (EPMA) of the samples was performed on a JEOL
JXA-8600 Superprobe using an electron beam of 10pm diameter, 10keV acceler-
ating voltage, and 15nA current. Scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDS) were performed on a FEI Inspect F50 FEG SEM
(FEI Hillsboro, OR). STM images were obtained in air using a Nanoscope III (Digital
Instruments, Santa Barbara, CA) with a tungsten tip. Raman spectra were obtained
using a Renishaw inVia Raman microprobe (Renishaw, Wotton-under-edge, U.K.)
equipped with a CCD detector. A 514-nm Ar-ion laser (Modu-Laser, LLC, Center-
ville, UT) running at 0.67 mW was used as the excitation source. An 1800-lines/mm

grating and a 20X objective were used during the spectral acquisition. X-ray photo-
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electron spectroscopy (XPS) was performed using a Mg Koy o (STAIB) X-ray source,
at ~70° to hemispherical analyzer axis (Leybold Heraeus). The Au 4f7/, peak at
84.0eV originating from the substrate was used to calibrate the binding energies. A
Shirley background was assumed and subtracted for each spectrum.3?

In the photoelectrochemical (PEC) measurements, the light from a 300 W Xe arc
lamp (Oriel Instruments, Stratford, CT) was dispersed by a monochromator (Oriel
Cornerstone 260 Model 74100) equipped with a 1200-lines/mm grating. The light
was then chopped at 20 Hz and illuminated onto the MoSe, sample through a quartz
window. The sample was immersed in 0.1 M NaClO, electrolyte solution at pH 1.5.
The photovoltage was measured as the 20-Hz component of the open-circuit potential
through a lock-in amplifier (Standard Research Systems Model SR830, Sunnyvale,
CA).

Sample annealings were performed in a tube furnace (Lindberg/Blue Model
TF55030A-1, Asheville, NC) in a Hy,—Ar mixture (Airgas) containing 1% H, and
99 % Ar (Airgas). In each annealing, the temperature was ramped from room tem-
perature up to the annealing temperature at 5°Cmin~!. After half an hour at the
annealing temperature, the temperature was then ramped down to room temperature

at no more than 5°C min—!.

3.4 RESULTS AND DISCUSSION

3.4.1 VOLTAMMETRIC BEHAVIOR OF MO AND SE

A cyclic voltammogram (CV) of Au in 1 mM MoOj is shown in Figure 3.1. Starting
from the open-circuit potential (ocp) of 63mV, the potential was scanned negatively
toward —1V. The onset of reduction occurred at —850mV. Hysteresis was observed
whereby the reductive current on the reverse scan was higher than that on the forward
scan. This may be due to a nucleation and growth mechanism by which MoO, was

deposited from reduction of MoO,*” species in solution. The HER. overpotential on
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Figure 3.1: CV of Au in 1 mM MoO, and 1M NH,CI (pH 8.3). Open-circuit potential
was 63 mV. The negative-going forward scan was reversed at —1V.
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a Mo surface is lower than that on a Au surface.?® Deposition of MoO, may trigger
extensive HER, leading to more reductive current on the reverse scan than on the
forward scan. On the reverse scan, the reductive current was quickly followed by the
oxidative current at —750 mV. The oxidation consists of two observable components: a
broad oxidation, followed by a Gaussian-shaped oxidation peak. The abrupt transition
from reductive to oxidative current suggests that a side reaction, likely HER, was
occurring during the transition. Integration of the current revealed that there was
more than six times as much reductive charge as oxidative charge, confirming the
notion that HER was the dominant side reaction. While it is uncertain what role
NH, played in the reduction of MoO,*", it is worth noting that the reduction under
basic conditions would not proceed without the presence of NH;. In this CV study,
NH,Cl served as the source of NH;.

To examine the electrochemistry of Mo in an acidic condition, the MoO4 solution
was acidified to pH 1.5. CV of Au in the acidic MoOj solution is shown in Figure
3.2. The open-circuit potential was 423 mV. On the negative-going scan from ocp,
a shoulder was observed prior to the onset of HER. This reduction was attributed
to the reduction of Mo"! species in solution. No hysteresis was observed, contrary to
the case in pH 8.3. The oxidation features, however, appear very comparable to the
oxidation in pH 8.3: a broad oxidation, followed by another oxidation peak.

Further experiments were done to help elucidate the nature of this oxidation. In
a flow cell, MoO, was deposited onto a Au electrode at —410mV for 30s from the
acidic MoO4 solution. The solution was subsequently replaced with a blank solution
at open circuit. CV of the electrode in the blank solution under flowing condition is
shown in Figure 3.3. The ocp was —185mV, from which the potential was scanned to
200mV. The broad oxidation was immediately observed as the potential was scanned

7,34

positively from ocp, which is reminiscent of a passivation process.”>* After oxidizing

at potentials up to 200mV, the potential was scanned to —1.3 V, followed by a positive
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Figure 3.3: CV of MoO,/Au in 0.1M NaClO, (pH 1.5). Open-circuit potential was
—185mV. In cycles 2 and 3, the negative-going scan was reversed at —1.3 V.
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scan to 200mV again. The reappearance of the broad oxidation peak confirms that
the dominant product of this oxidation is insoluble. This insoluble product can be
oxidized to a soluble species by scanning the potential up to 1 V.

By analyzing this result within context of the Pourbaix diagram for Mo, the first
broad oxidation can be attributed to the oxidation of metallic Mo to the passive
Mo00O,.?* A repeat of the scan from —1.3V to 200mV (cycle 3 in Figure 3.3) showed
slightly less oxidation charge than its preceding scan. This may be a result of some
metallic Mo oxidizing to the soluble Mo®" under the highly acidic condition, though
this appears to be a minority product of the oxidation. The soluble product of MoO,
oxidation at further positive potentials can be attributed to a Mo"! species.

Selenium deposition was also examined as a function of solution pH. At pH 8.3, no
Se deposition was evident according to a CV of Au in 0.1 mM SeQO,. Deposition from a
0.5mM SeQO, solution was also attempted without success. At pH 5, shown in Figure
3.4, Se deposition appeared to be limited to mostly UPD. The onset of UPD oxidation
is about 550 mV, and the most oxidation charge from the Se stripping corresponded
to 0.5 monolayer (cycle 1). Here, one monolayer is defined as one adsorbate atom (Se)
for every substrate surface atom (Au). All subsequent scans, even to more negative
potentials, showed less oxidation. The slow kinetics and irreversibility of Se deposition
at pH 5 prompted a further lowering of the solution pH. At pH 1.5, the behavior of
Se appeared markedly different. The features for Se deposition and stripping, shown
in Figure 3.5, are much more discernable. On the negative-going scan from ocp of
430mV, the first two reduction peaks correspond to surface-limited deposition of
UPD Se.?0 Its corresponding oxidation occurred at 780mV. Se UPD was followed
by bulk Se deposition until ~ — 250 mV, where bulk Se reductively stripped to Se* .
HER on the Se surface occurred at ~ — 600 mV. Compared to the CV of Au in a
MoOj, solution (Figure 3.2), HER overpotential on the Se surface was about 200 mV

higher than that on a MoO, surface. Since pure Mo electrodeposition is hindered by

68



40

30 e CyC|e 1
8 --- cycle?2

20 |-

10

j (nA/cm?)

-10

_20||||||||||||||||||||||||||||||||||

-500 -250 0 250 500 750 1000 1250
Potential (mV)

Figure 3.4: CV of Au in 0.1 mM SeO,, (pH 5). Open-circuit potential was 245 mV.

69



400

200
0
5
< -200
<
=
~
-400
-600
-800
Figure 3.5:

Se

bulk

stripping — ™

Se

UPD

stripping

/

Potential (mV)

70

— / SeUPD

- S deposition

- deposition

-— - Sebulk

- stripping

-I I 1 1 I l 1 I A l 1 1 ] l 1 1 ] l 1 1 I I 1 1 A l 1 I ] l 1 I I l I i —
-600 -400 -200 0 200 400 600 800 1000 1200

CV of Au in 0.5mM SeO, (pH 1.5). Open-circuit potential was 430 mV.



extensive HER, this higher HER overpotential on Se might be a determinant factor

for inducing Mo deposition in the formation of MoSe,.

3.4.2 E-ALD OF MOSE,

For MoSe, deposition, the precursor solutions were 0.5 mM SeO, and 1 mM MoO,.
Both solutions were adjusted to pH 1.5. A simplified scheme for forming MoSe, by
E-ALD is shown in Figure 3.6. Prior to MoSe, deposition, the Au substrate in a
flow cell was coated with UPD Se (step a). MoO, was then deposited from the MoO4
solution at a potential designated as E'1 (step b). Following the MoO,, deposition step,
the MoQ, solution was replaced by a blank solution, followed by the SeO, solution.
Se was deposited from the SeO, solution at E'1 (step c). In the final step (step d), the
potential was stepped to E2, a more negative potential than F'1. At the more negative
E2, the MoO, was reduced to form MoSe,. Any excess bulk Se was also expected to
reductively strip at E2. Steps b to d formed an E-ALD cycle that can be repeated
to grow thicker films. When switching between precursor solutions, a pH 1.5 blank
solution was always used to rinse out the antecedent precursor to avoid intermixing
of the two precursors. An example of an E-ALD cycle is shown in Figure 3.7, which
shows the solutions and potentials used in each step of the deposition cycle, along
with the corresponding current response.

CV was used to characterize some preliminary MoSe, films grown using the E-ALD
scheme depicted in Figure 3.7. During the growth of these films, E1 was —200mV,
and F2 was —400mV. Stripping voltammograms of these films are shown in Figure
3.8. To strip these films, the potential was scanned from —400mV to 1.5V. For ease of
comparison, only the films that were 4-; 5- and 6-cycles thick are shown. A prominent
Gaussian-like oxidation peak was observed in each scan. The position of these peaks
shifted more positive as the number of E-ALD cycles increased, suggesting that film

stability increased with cycle numbers or film thickness. It is also important to note
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Figure 3.6: A simplified scheme for forming MoSe, by E-ALD. Steps b to d are
repeated to deposit MoSe, in an ALD manner. Blank solution rinse steps are excluded
in this illustration.
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Figure 3.7: Potential profile used in an E-ALD cycle of MoSe,, along with the corre-
sponding current response. The vertical dashed lines mark the different steps in the
cycle.
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Figure 3.8: Oxidative stripping voltammograms in blank solution of preliminary
MoSe, films grown by E-ALD. These films were grown by using £1 = —200mV
and £2 = —400mV. The inset shows the integrated oxidative charge from each film
as a function of the number of E-ALD cycles.
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that these oxidation peaks occurred at more positive potentials than the MoO, or
bulk Se oxidations seen in Figures 3.3 and 3.5, respectively. A gain in stability as a
result of compound formation may result in the compound oxidizing at a potential
more positive than the constituent elements alone.?” Thus, this oxidation peak might
be attributed to MoSe, oxidation.® The relative amount of deposition in each film
can be quantified by integrating the oxidative stripping current to yield the charge.
These charges as a function of the number of E-ALD cycles are plotted in the inset
of Figure 3.8. The linear increase is consistent with an ALD process, confirming that
thicker films can be deposited by increasing the number of E-ALD cycles.

Photoelectrochemistry was used to characterize a 50-cycle film grown by the same
condition. In this PEC study, the photovoltage of the film was measured as a function
of photoexcitation energy. The photovoltage is a change in the electrode’s open-circuit
potential arising from photogenerated electron-hole pairs.?® It can be used to indi-
rectly probe the absorption of light by the electrode. Since the Au substrate was
not transparent to light in the UV-visible region, this is a convenient technique for
characterizing the optical properties of these films. Figure 3.9 shows the photovoltage
measurement for the 50-cycle film sample. Under the experimental conditions used,
the photovoltage, E,;,, was assumed proportional to the optical absorption coefficient.
This was the basis for plotting the data in the form of a Tauc plot for determining an
optical bandgap.®® Two absorption edges confirmed the presence of both MoSe, and
MoO, in the film, which prompted the construction of two Tauc plots. MoO, has been
known to show a direct transition, while bulk MoSe, is known to have an indirect
band gap.!6194! Extrapolating the corresponding absorption band edges yielded an
optical band gap of 2.5eV for MoO, and 1.1eV for MoSe,, both of which matched
very well with literature values.*?

To optimize the deposition potentials, £'1 and E2, a series of 50-cycle deposits

were prepared by varying E'1 while holding E2 constant at —500mV. Another series

I6)



i indirect |
- - - -direct
= —_
S =
o G
> ~
~ >
o o
~ =)
1.0 15 2.0 2.5 3.0

hv (eV)
Figure 3.9: Photovoltage measurement of a MoSe, film grown by 50 E-ALD cycles.

The data was plotted in two different forms that are appropriate for determining
either a direct or an indirect band gap.
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Figure 3.10: Composition analysis by EPMA for the series of 50-cycle deposits where
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of deposits were also prepared by varying £2 while holding E'1 constant at —100mV.
The elemental compositions of these deposits were examined using EPMA. Figure
3.10 shows the composition analysis for the first series where E2 was held constant.
The increase in Mo content at more negative E'l1 was expected, but the complementary
increase in Se content was not as obvious. During the potential step to £2 = —500 mV
in the E-ALD cycle, only UPD Se was expected to remain on the surface because
bulk Se would reductively strip at this potential. Furthermore, the CV for Se (Figure
3.5) showed approximately the same diffusion-limited deposition current from 0 mV
to —200mV. Hence the amount of Se deposited at E1 within the potential range
shown in Figure 3.10 should not directly depend on E'1. The amount of Se deposited,
however, was affected indirectly by E'1. This may be ascribed to the higher amount
of MoO, deposition at more negative E'1 values. If only UPD Se were deposited by
a surface-limited reaction, as presumed here, then more MoO,, deposition would lead
to more Se deposition. Such surface-limited depositions are highly desirable for a
layer-by-layer growth by E-ALD.

Figure 3.11 shows the composition analysis for the second series of deposits where
E'1 was held constant at —100mV. E2 < —400mV was necessary to adequately strip
the bulk Se. Although the amount of MoO, deposited at £1 = —100mV should be
constant, the Mo content in the deposits increased as £2 decreased. From this trend,
it can be inferred that MoO, was slowly reduced at E2 and subsequently bonded
with Se, presumably forming MoSe,. During the subsequent potential step from E2
to E'1, MoSe, would suppress oxidation of the Mo into a soluble species, and thus a
higher Mo content was observed for deposits made at a lower E2. In this series, the
deposit made at F2 = —450mV and E1 = —100mV was chosen for the following

annealing studies because it had a Se : Mo ratio closest to 2.
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Figure 3.12: Micro-Raman spectra of some MoSe, films annealed at different temper-
atures.
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3.4.3 ANNEALING STUDIES

Deposits made using £F1 = —100mV and E2 = —450mV were thermally annealed
in an atmosphere of 1% H, and 99 % Ar. The evolution of their Raman spectra as
a function of annealing temperature is shown in Figure 3.12. A broad asymmetric

! was observed in the as-deposited film. This peak can be

peak centered at 256 cm™
assigned to a Se-Se stretch mode, arising from a slight Se excess in the film.?° No
significant changes in the Raman spectra were observed until the films were annealed
at 250°C or above. At 250°C and above, the well-known Ej,, Ay, and E%g peaks of
MoSe, can be identified.!%434 The Raman spectrum of a commercial MoSe, powder
sample is also shown for reference.

XPS was also used to follow the effect of annealing on the MoSe, films. Figure
3.13 shows XPS spectra for the Mo 3d and Se 3d regions. The Mo 3d signal from
the as-deposited film and the film annealed at 100 °C appeared to originate predomi-
nantly from Mo oxides on the surface. At 300 °C and 350 °C, the Mo 3d peaks clearly
shifted to lower binding energies that correspond to the oxidation state of Mo in
MoSe,. 202145 Positions of the Mo 3ds2 and Mo 3ds/, doublet were 228.4eV and
231.7eV, respectively. The Se 3d peaks also exhibited a similar trend as a function
of annealing temperature. At 300 °C and 350 °C, the Se 3d peaks were also shifted to
a lower binding energy that corresponds to the oxidation state of selenide in MoSe,.
At 400 °C, the film was decomposed to form MoO, presumably due to trace oxygen
present in the annealing atmosphere.*64” Also shown in Figure 3.13 are the XPS
spectra of a sample made by replacing the SeO, solution with a blank solution during
its deposition. Consequently, this deposit was composed of entirely MoO,,. The Mo 3d
peaks of this “Mo-blank” deposit had higher binding energies than those of a normal
MoSe, deposit. This is in agreement with the initial prospect that Se can be used to

suppress Mo oxidation in the formation of MoSe,.
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Figure 3.13: XPS spectra of the as-deposited and annealed MoSe, samples showing
(a) the Mo 3d and (b) the Se 3d photoelectric peaks.
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Both Raman and XPS data clearly showed the presence of MoSe, in samples
annealed at 250 °C and above. Although 1% H, was used during the annealing in an
attempt to provide a reducing environment, its effect was deemed negligible. Samples
annealed in pure N, also showed clear evidence of MoSe, by XPS, even though N,
would not provide the necessary reducing environment to form MoSe,.'? Figure 3.14
shows composition analysis of the annealed deposits by EPMA. As the annealing
temperature increased, there was an apparent loss of Se and Mo from the deposits
compared to the as-deposited films. MoSe, is thermally stable up to almost 1000 °C,
so the loss of Se and Mo content were most likely impurities in the deposits (Se
and MoO,).*® A sample’s surface is more susceptible to oxidation than its bulk;
therefore, the surface was expected to have the most impurities. Removal of the
surface impurities by annealing may explain the observed XPS peak shifts. While the
annealed samples were amorphous by XRD, their crystallinity could still have been
improved by annealing, which would account for the evolution of the MoSe, Raman
peaks as a function of temperature.

A MoSe, sample annealed at 350 °C was imaged by STM and SEM. These images
are shown in Figure 3.15. The disparity in the shape of the crystallites between the
two images suggests the circular shapes observed in STM were due to a tip effect.
Despite the misleading shapes, the height contrast in the STM image does reveal
the stacking nature of the flakes in the sample, consistent with the van der Waals
character of the 2D material. Figure 3.16 shows an SEM image of the STM tip after
it was used to image the MoSe, sample. Thin MoSe, flakes, confirmed by EDS, were
attached to the W tip during STM imaging, presumably owing to their weak adhesion
to the film substrate. Some of the flakes on the tip resembled the typical triangular

shape of MoSe, and MoS, grown by chemical vapor deposition (CVD).19:49-51
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Figure 3.15: (a) STM and (b) SEM images of a MoSe, sample annealed at 350 °C.
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Figure 3.16: SEM of the STM tip after it was used to image the MoSe, sample.
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3.5 CONCLUSION

The voltammetric behaviors of Au in MoO4 and SeO, solutions were examined in
both basic and acidic conditions. Preliminary thin films of MoSe, were successfully
prepared by E-ALD using the acidic solutions of both precursors. PEC photovoltage
measurement confirmed the presence of MoSe, as well as MoO, impurity in the as-
deposited films. The impurities can be removed by thermal annealing. The enrichment
of MoSe, in the annealed films was confirmed by XPS. The evolution of MoSe, Raman
peaks as a function of temperature suggested there was an improvement in film crys-
tallinity by annealing, though the films were still amorphous by XRD. Although the
film growth conditions were not yet fully optimized, this study demonstrated that E-
ALD can be used to grow MoSe, films. The premise of growing MoSe, by using Se to
induce Mo deposition might be applicable to growing other dichalcogenides of molyb-
denum or tungsten. That would lead to the prospect of using E-ALD to grow TMDC
heterostructures, which exhibit interesting novel properties for potential applications

in electronic and optoelectronic devices.
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CHAPTER 4

CONCLUSION AND FUTURE STUDIES

In order to devise a synthetic route for forming Ta/Nb chalcogenides by E-ALD, the
electrochemical oxide reduction of Ta was studied by CV, EC-STM and XPS. Initial
data from CV hinted that some oxide can be reduced at very negative potentials, as
the HER current was correlated with the amount of surface oxide present. In the EC-
STM study, an oxide-removal step at —1.8 V was used prior to obtaining atomically-
resolved images of a bare Ta surface. To avoid interference from the extensive HER
occurring at such a negative potential, the imaging was performed at more positive
potentials. The imaging process showed that an oxide-free Ta surface would sponta-
neously re-oxidize even at —1 V. Use of Te to passivate the Ta surface also resulted in
atomic resolution, and suggested greatly increased stability, up to as much as —0.3 V.
Following the deposition of Te onto Ta, a “double zigzag” pattern was observed in
some STM images as evidence of TaTe, formed on the surface. S and Cu were also
deposited onto Ta following the oxide-removal step. EC-STM of the S layer on Ta dis-
played rod-like structures that resemble TaS, chains. CV and XPS data also support
these conclusions.

Being able to deposit onto a Ta substrate was not enough to create an E-ALD
cycle for making Ta chalcogenides. A reliable Ta electrodeposition method was still
missing. Attempts to deposit Ta from aqueous carboxylate-based precursors were
made. Preliminary results from electrolysis of the precursors to deposit Ta onto Au
indicated only the presence of Ta oxides by XPS. Even though the final precursor

solutions were fluoride-free, very concentrated amount of HF at elevated temperatures
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was still necessary in the early synthesis steps of the precursors.! The solutions were
sometimes found to be unstable and precipitations, presumably Ta,O,, would form.
The difficulty and hazard of preparing a reliable Ta precursor solution prompted a
shift of focus toward electrodepositing Mo chalcogenides. The premise was that Mo
is also a refractory metal like Ta that is highly reactive in the presence of oxygen.
Because electroreduction of Mo is also greatly hindered by hydrogen evolution reaction
in aqueous media, a method that overcomes this obstacle might be applicable to
depositing Ta as well.

The voltammetric behaviors of Au in MoO, and SeQO,, solutions were studied to
evaluate the feasibility of depositing MoSe,. CVs have been performed in both basic
and acidic conditions. MoO, oxidation features appeared very similar in both basic
and acidic conditions, suggesting the products of electrolysis in the MoO4 solutions
were the same for the basic and acidic solutions. On the contrary, Se deposition was
much more pH-dependent. Among the conditions tested, pH 1.5 was the best for Se
deposition. Preliminary thin films of MoSe, were prepared by E-ALD using the acidic
solutions of both precursors. PEC photovoltage measurement confirmed the coexis-
tence of MoSe, and MoO, impurity in the as-deposited films. The impurities can be
removed by thermal annealing. XPS confirmed that the annealed films were enriched
with MoSe,. Micro-Raman spectroscopy was used to follow the annealing study. The
Raman peaks characteristic of MoSe, emerged as a function of annealing tempera-
ture. The evolution of the MoSe, Raman peaks suggested there was an improvement
in film crystallinity by annealing, though the films were still amorphous by XRD.
This study demonstrated that E-ALD can be used to grow MoSe, films.

The growth conditions for MoSe, was not yet fully optimized. A different potential
profile during the electrodeposition can be used to further induce MoSe, formation
over MoO,, deposition. For instance, a brief but large negative potential pulse can be

inserted into the E-ALD cycle to thoroughly reduce MoO, and subsequently react it
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with Se. The premise of growing MoSe, by using Se to induce Mo deposition might
be applicable to growing other dichalcogenides of molybdenum or tungsten. If indi-
vidual E-ALD cycles are made for creating different MX, materials, they can be
combined to grow MX, heterostructures.? 8 Sequential growth of heterostructures by
the common MX, growth methods often failed.” A problem tends to be the passiva-
tion of the edges upon exposure to ambient conditions, which can no longer act as
nucleation sites for subsequent growth of a different MX,. Another problem is the
first MX, usually cannot withstand the significant temperature changes in switching
to a new growth condition for the second MX,. E-ALD is performed at or near room
temperature, and it is compatible for growing superlattices and heterostructures.®*
That raises the prospect of using E-ALD to grow TMDC heterostructures in future
studies. The research area of TMDC heterostructures is currently very active. These
materials exhibit interesting novel properties suitable for applications in electronic

and optoelectronic devices. Without a doubt, there is a strong demand for a reliable

route to synthesizing high-quality TMDC heterostructures.
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