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Abstract

Chemical deposition methodology is a well-understood and highly documented cat-
egory of deposition techniques. In recent years, chemical bath deposition (CBD) and
chemical vapor deposition (CVD) have garnered considerable attention as an effective
alternative to other deposition methods. The applicability of CVD and CBD for indus-
trial-sized operations is perhaps the most attractive aspect, in that thin-film deposition
costs inversely scale with the processing batch size without loss of desirable optoelec-
tronic properties in the materials. A downside of the method is that the optoelectronic
characteristics of these films are highly susceptible to spurious deposition growth mecha-
nisms. For example, increasing the temperature of the chemical deposition bath can shift
the deposition mechanisms from ion-by-ion (two dimensional) precipitation to bulk solu-
tion cluster-by-cluster (three dimensional) formation which then deposit. This drastically
changes the structural, optical, and electrical characteristics of CBD-deposited thin films.
A similar phenomenon is observed in CVD deposited materials. Thus, it is of great inter-
est to study the coupling between the deposition parameters and subsequent effects on
film performance. Such studies have been conducted to elucidate the correlation between
growth mechanisms and film performance. Here, we present a review of the current lit-
erature demonstrating that simple changes can be made in processing conditions to opti-
mize the characteristics of these films for optoelectronic applications.
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1. Introduction

The intent of this chapter is to cover the most recent advances achieved in optimization of
chemically deposited thin films. The most prominent and widely used chemical deposition
processes are chemical bath deposition (CBD) and chemical vapor deposition (CVD) meth-
ods. Recent breakthroughs in film optimizations relating to these methods will be the focus
of this monograph.

Advanced thin films are the key enabler of the modern high-tech explosion. These materials
find uses in military, defense, private, and commercial products with a truly limitless poten-
tial. It can be argued that every piece of electrical equipment, tool, hardware, and device com-
mercially available relies, to some extent, on advanced processing of thin-film materials and
our ability to scale those processes for cost-effective mass production.

Although CBD and CVD methods have been known since the 1940s and 1950s, respectively, the
pursuit of cost reductions has driven recent research efforts in these fields [1, 2]. Specifically,
the past decade has seen developments in the performance optimization of thin films by
altering the deposition parameters. This has allowed for improved film characteristics with-
out additional cost and spurred research into the growth and optimization of organic semi-
conductors [3-6]. Further, CVD and CBD have facilitated efficient device manufacturing by
enabling systematic film layer depositions. Additional layers of a single material or of mul-
tiple materials may be deposited as necessary to grow monolithic structures for advanced
applications. Such mesoscopic assemblies opened new doors for device manufacturing and
optimization. These novel approaches are expected to further expand the capabilities of the
current technology in a wide range of applications.

The recent advances in this particular field of science are far-reaching and extend beyond the
scope of this chapter. This chapter reviews only the mainstream and high-impact achieve-
ments in chemically deposited thin films. Some of the current challenges and limitations of
these methods are also addressed. This chapter is divided into two sections: the first section
addresses the chemical bath deposition technique, structural and optoelectronic characteriza-
tion, and performance of CBD deposited thin films; the second section deals with the chemical
vapor deposition and performance and tunability of CVD deposited thin films. Tunability and
deposition parameter optimization of film performance are addressed in both sections.

2. Chemical bath deposition (CBD)

The roots of chemical bath deposition extend back over a century [7]. It was initially shown
that high-quality chalcogenides and oxides could be deposited using this simple cost-effective
technique [8]. At the time, however, the semiconductor theory was decades away. Thus, only
a few enthusiasts exhibited initial interest in the method. As the power of thin-film semicon-
ductors was realized, the demand for such high-performance materials exploded. The market
demand required a cost-effective method, which could sustain the production of high-quality
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thin films. By this time, CBD was already a well-established process shown to produce highly
crystalline structures and, thus, was a natural choice for such an application [9]. Research at
that time showed that the method could also be applied for the deposition of metals, metal-
lic alloys, chalcogenides, oxides, carbonates, and halides, all of which are an inherent part of
next-generation organic semiconductors [10-12]. In more recent years, the process has been
extended to deposit electron and hole transport layers (ETL and HTL, respectively), transpar-
ent conducting oxides (TCO), nanotubes, copper indium gallium selenide (CIGS) devices,
and numerous other applications [13-17]. Further, the CBD method is inexpensive, easy to
implement, convenient for large area depositions, and associated with highly favorable opto-
electronic and structural properties [18, 19]. The power and the usefulness of the method
cannot be overstated. Because of its broad applicability, CBD became a focus of numerous
research groups.

2.1. CBD theoretical considerations

The underlying concept behind CBD is the rearrangement of the chemical constituents in the
bath or already deposited on a substrate into functional crystalline structures during the chem-
ical reactions. The original size of the chemical constituents can range from subatomic particles
to microscale molecules. CBD finds a broad range of applications because it can be applied to
a wide variety of chemicals. This concept is demonstrated further in the following examples.

(a) Electron exchange (redox)

Changes in oxidation numbers in elements during a chemical reaction indicate a redox reaction
taking place. Such reactions take place in the CBD formations of metal, nonmetallic compounds,
and oxide films, through direct oxidation or oxidative redux in which the electron exchange
takes place among more than two elements. Insoluble lead dioxide [PbQ,], for example, forms
from the oxidative redux of peroxydisulfate ion [S,O,*] in water, as shown in Eq. (1) [20]:

Pb*+S,0%+2H,0 — PbO,+2S50%* +4H- (1)

(b) Ligand exchange

This type of reaction involves the exchange of ligands in a complex ion. Highly desired silicon
dioxide [SiO,] is precipitated using reaction 2 through the exchange of oxygen and fluorine
ions. In general, this reaction holds an advantage in that it is generally more specific, allowing
high selectivity in the produced compounds to be achieved [20]:

SiF2 +4 H*+BOY — SiO,+H, O +BF; )

(c) Complex reaction

This type of reaction occurs by a coordinated exchange of complexes in a chemical bath, as
illustrated in Eq. (3). Because of the potential for additional reactions, complex exchange reac-
tions can have drawbacks that require advanced consideration. For example, due to its avail-
ability and low cost, thiourea [SC(NH,),] is a common sulfur source used in CBD. Exchange
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of sulfur from the thiourea requires complex decomposition and reaction. Although the stable
molecule cyanamide [CN,H, ] is a common by-product of the thiourea decomposition, forma-
tion of reactive and toxic cyanide [CN] has also been reported [21]. Such undesirable decom-
positions can have adverse effects on the overall deposition process:

Cd (NH,)* +SC (NH,) +20H" — CdS+CN,H,+2H,0 3)

The existence of numerous approaches to growing films in solutions is illustrated in the basic
reactions discussed in Egs. (1)=(3). It should also be inferred that careful consideration of each
chemical reaction by-product is necessary to prevent contamination of the film or undesired
waste products. The structural properties, precipitation rates, crystallinities, and—of greater
interest—optical and electrical performance of materials can thus be controlled with careful plan-
ning. Perhaps, the most promising category of materials derived from a theoretical understand-
ing of CBD has been organic semiconductors. Recently, CBD was used to crystallize CH,NH,Pbl,
perovskite powders for use in highly efficient organic-inorganic perovskite solar cells [22]. This
would not have been possible without a deep theoretical understanding of the chemical reaction.

Reliably predicting film performance and controlling the deposition mechanisms is a formi-
dable challenge. Charge carrier mobilities, for example, depend on the grain size, layer com-
position, porosity, interstitial trapping, doping, contaminants, diffusion lengths, substrate,
bond lengths, and a plethora of other factors [23-25]. Recent deviations between continuum
and atomistic level simulations stress this point further [26, 27].

However, it has been shown that it is possible to conduct an in situ study of the deposition
parameters, deduce growth mechanisms, and reproduce the film performance from such sim-
ulations [28]. Accumulated experimental data are then utilized to converge atomistic models
for accurate computational predictions [29]. The remainder of this section will discuss the
accumulated experimental data on the corporeal control of the CBD process and its effects on
film performance.

2.2. CBD experimental data

Two main deposition mechanisms dominate thin-film growth during CBD. The first, ion-by-ion
(two dimensional) mechanism is the sequential reaction between ions to form clusters, shown
in Figure 1(a). Typically, this method produces highly stoichiometric crystals and can be finely
controlled by the bath pH, temperature, and constituent concentrations. The second mechanism
utilizing precipitation taking place in the bulk of the solution and known as cluster-by-cluster
(three dimensional) growth is shown in Figure 1(b). In general, there is less control over this
latter mechanism, with the resulting structures deviating from stoichiometry calculations, often
containing interstitial traps and producing unique optical and electrical material properties.

It is widely reported that the optoelectronic performance of chemically grown thin films is
strongly dependent on the deposition mechanisms [30]. To evaluate this, the nonintrusive
method of spectroscopic ellipsometry (SE) could be used to analyze the role of bath param-
eters on the deposition mechanisms. The films could then be subsequently analyzed using
more intrusive methods to better understand the full scope of the relationship.
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Figure 1. (a) Ion by ion and (b) cluster by cluster are the two dominating deposition mechanisms during chemical bath
deposition. Ions permeate the solution precipitating on top of the substrate during growth in the ion-by-ion mechanism.
As opposed to the cluster agglomerations forming in the bulk of the solution prior to attaching themselves to the
substrate in the cluster-by-cluster mechanism.

SE analysis revealed three growth stages. The first stage was a short induction time, during which
time little or no observable growth took place. Some of the material was observed to precipi-
tate in the solution (although negligible amount showed adhesion to the substrate). The masses
forming in the solution at this stage have not reached the critical diameter for crystallization. The
second stage was a fairly linear growth period, dominated by the ion-by-ion mechanism.

This steady epitaxial growth produced highly compact stoichiometric films. The third stage
was then dominated by the cluster-by-cluster mechanism in which clusters formed in the
solution reached a critical size and could precipitate, producing a porous layer on top of
the film. The porous layer typically established the surface roughness of the film. In some
instances, this layer could be minimized by immediate washing following the chemical bath
deposition [30]. Three distinct layers deposited by CBD are visible in the scanning electron
microscope (SEM) images shown in Figure 2.

The nonintrusive SE measurements were used to study the effects of bath temperatures on the
thickness of each layer. Data were collected on the films deposited at bath temperatures ranging
from 55°C to 95°C. Physical models representative of the film structures were constructed con-
sisting of three layers of quartz glass. The porosity and chemical composition of each layer were
adjusted until a high correlation between the experimental and measured data was achieved [28].

It was found that at low bath temperature (i.e., 55°C) nearly 85% of the structure consisted of
a highly stoichiometric and compact thin film. The porous surface layers in such films were
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~1% of the entire structure thickness. This is indicative of substantial growth through the ion-
by-ion deposition mechanism, which overwhelmingly dominates at low bath temperatures.
Increase in the bath temperature was accompanied by a steady transition to the cluster-by-
cluster mechanism. At a bath temperature of 95°C, the compact layer constituted ~60% of the
entire structure thickness.

== — Roughness
Middle Layer
=—{ Bottom Layer

Substrate

Figure 2. (a) Planar and (b) cross-sectional SEM reveal tight crystalline structure with three distinct layers.

The porous layer made up the majority of the rest of the film assembly [28]. These results
indicate the coexistence of the two deposition mechanisms taking place in the bath during
film formation. At lower temperatures, the ions are less likely to saturate the solution allowing
the two-dimensional mechanism to dominate the film growth. As the temperature rises, the
ion concentrations saturate and begin to form particulates in solution, causing the ion-by-ion
mechanism to be supplemented by cluster-by-cluster growth.

It was realized that if a clear correlation between the optoelectronic performance of films and
their growth mechanisms could be established, optimization of film performance through
efficient means in the bath could be achieved. The high-impact nature of establishing this cor-
relation prompted a significant amount of research on the topic.

One research topic of interest was the oxidation of the dangling bonds on the surface of stoi-
chiometric crystalline films, which could be studied using X-ray photoelectron spectroscopy
(XPS). XPS spectra of a CdS thin film as deposited on an n-InP substrate and a corresponding
film after a 1-minute treatment with a buffer oxide etch (BOE) are shown in Figure 3(a) and
(b), respectively. The ratio of 5:Cd prior to the 1 min BOE etch is found to be ~0.6 and increases
to ~0.85 after the etch. These results reveal a thin (~30 nm) passivation CdO layer forming on
top of the films [31]. Similar results have been widely reported in various materials deposited
by CBD method [19]. Such stoichiometric structures are explained by the dangling bonds on
the surface of the materials.

In general, the valence electrons deep in the bulk of the material are committed to the covalent
bonds between the elements. Electrons near the film surface are less constrained, resulting in
the dangling bonds. This allows for the ambient oxygen to oxidize the materials at or near
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the surface, resulting in a thin layer of oxide being formed [19]. This thin oxidation layer pre-
vents degradation of the films and introduces passivation properties in high-speed field-effect
transistors. During subsequent depositions the layer acts as a buffer [31]. Oxidation removal
from nanocrystalline thin films becomes an important step in efficiency enhancement of the
monolithic structures, such as in CIGS. Similar passivation layer formations are not observed
under three-dimensional (cluster by cluster) deposition mechanisms [28].

_(a) Cd 3d cd MNN

Intensity (a.u.)

Intensity (a.u.)

0 200 400 600 800 1000
Binding Energy (eV)

Figure 3. XPS spectra of an n-InP sample with (a) 2 min CdS deposition at 75°C and (b) CdO removal with 1 min of BOE
immersion.

Optoelectronic performance of films is known to be heavily dependent on the crystalline
structure of the materials [32, 33]. Crystallinity is of great interest for lattice matching in thin-
film devices such as CIGS. Extensive X-ray diffraction (XRD) studies of film structures have
been conducted and revealed that crystallinities are highly dependent on deposition tem-
peratures. As an example, XRD data of CdS films deposited at various bath temperatures are
shown in Figure 4. Lower deposition temperatures tend to deposit highly symmetric crys-
tals—zinc blende (cubic) in the case of the CdS. As the bath temperatures are increased, a
noticeable shift from symmetric to asymmetric structures is observed —wurtzite (hexagonal)
structures in the case of CdS.
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Figure 4. XRD patterns for CdS samples deposited at various bath temperatures. Spectra reveal a shift towards the
hexagonal structures at higher deposition temperatures.

Under the three-dimensional deposition mechanism, much of the cluster agglomeration takes
place in the bulk of the solution. These irregularly shaped clusters form the asymmetrical
structures that attach themselves to the substrate. This is in contrast to the two-dimensional
deposition mechanism which creates a uniform lateral expansion of the crystals. This contrast
in film growth causes the structural differences produced by the two methods.

The cluster agglomeration, i.e., three-dimensional deposition mechanism, is expected to force
interstitial trapping of the large cations in the bath. These trapped ions then act as dopants
in the semiconductor, either releasing free electrons or introducing holes to the material.
This drastically changes the optoelectronic performance of the films. Several groups pursued
solid-state nuclear magnetic resonance (NMR) studies that substantiate this hypothesis. NMR
analysis of three-dimensional deposited films reveals an increase in the peak intensity cor-
responding to cations intrinsic in the solution [28, 34].

These studies validate that the typically large cations of the inorganic thin films are trapped
during the three-dimensional cluster agglomeration. Careful consideration of this phe-
nomenon may be used to optimize film performance without the use of extrinsic dopants.
Conversion efficiencies have been shown to improve nearly 5% by the careful use of intersti-
tial trappings [34]. There is an additional challenge, however, that needs to be considered in
order to achieve effective doping. Transition metals with large numbers of valence electrons
are widely used as dopants in various inorganic thin films [35, 36].
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However, work in this field demonstrated a limit in the doping efficiency for these metals [37,
38]. This is mainly due to formation of polyoxometalates between the transition metals and
other ions in the chemical bath. The valence electrons that otherwise would be donated to the
material are instead localized into formed complexes [39], which limit the doping efficien-
cies to ~1 donated electron per ion. This phenomenon is observed even in the materials with
upward of seven valence electrons [37, 38]. Unpublished results from an ongoing study at the
University of Virginia use interstitial iridium trapping to prove the possibility of overcoming
theoretical doping efficiency limits.

Building on the aforementioned research, it is of great interest to tie the optoelectronic perfor-
mance of the films to the growth mechanisms in the bath. Highly stoichiometric films grown
by the ion-by-ion deposition mechanisms possess properties typical of intrinsic materials.
Deviation from stoichiometry (i.e., introduction of the cluster-by-cluster mechanisms) notice-
ably changes the film characteristics. A case study of CdS is presented below.

Thin films of CdS fabricated under various deposition mechanisms were widely studied to
show that the cluster-by-cluster growth mechanism produces a blend of crystalline struc-
tures. As previously mentioned, the XRD data revealed the formation of a blended cubic/
hexagonal structures as temperature increased (Figure 4) [40, 41].

The refractive index (1) and extinction coefficient (k) over the range of deposition tempera-
tures were obtained utilizing multiwavelength ellipsometer and are shown in Figure 5(a) and
(b), respectively. Two maxima in the refractive index located at ~280 and ~410 nm are visible
in the films deposited at 55°C bath temperatures. There is a noticeable shift in the location of
the maxima at higher bath temperatures. The two maxima in the latter cases are found at ~475
and ~275 nm wavelengths. These maxima are well studied and understood to be the funda-
mental absorption peaks in the transition along I'=A Brillouin zone (BZ) boundaries in the
CdS structure [42]. The shift in the locations of the maxima, however, testifies to the structural
changes taking place in the crystals. At low bath temperatures, the location of the maxima is
found to match expectations for the cubic structured CdS.

At higher deposition temperatures, however, the maxima are located slightly below the
expected locations for the hexagonal structures [43, 44]. A noticeable variation in the change
of the onset of the extinction coefficient is also observed. This is suggestive of a change in the
optical band gap. Such a shift has been widely reported and is attributed to the cubic-hexago-
nal transitions taking place in the CdS film structure [45]. In a greater context, the multiwave-
length analysis testifies that the ion-by-ion deposition mechanism favors the crystallization
of highly symmetric structures, whereas the cluster-by-cluster deposition mechanism tends
to produce asymmetry in crystallization and deviation from stoichiometry. However, the
resulting structures are rarely of a single phase, and even at higher bath temperatures, the
two-dimensional deposition mechanism contributes significantly to the overall structure of
the film.

Changes in the crystallinity of the materials have a significant impact on the overall optical
properties. Optical performance of the aforementioned CdS films was studied in an effort to
understand the growth mechanism/optical performance relationship. Significant changes in
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the reflectance and absorbance spectra are observed with the rise of the hexagonal phase in
the film, as shown in Figure 5(c) and (d), respectively. The three observed dips in the reflec-
tance and absorbance data coincide with the valence band splits in T, I',, and I'; previously
reported for CdS [46]. Reflectance is significantly higher in three-dimensionally grown films.
The absorbance curve shows a steeper slope for the low deposition temperatures and a fairly
flat absorption tail. These results suggest lower reflectance and higher absorbance of the sym-
metric structures deposited by two-dimensional mechanisms. Such results would be expected
in the epitaxially grown films. The random distribution of the clusters produced by the three-
dimensional mechanisms scatters light resulting in less favorable optical properties.
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Figure 5. (a) Refractive index (1), (b) extinction coefficient (k), (c) reflectance, and (d) absorbance over a range of
deposition temperatures.

Analysis of the electrical performance of CdS films deposited under different conditions was
also conducted. Summary of the film’s electrical properties is shown in Table 1. Cd:S ratios
were computed from the XPS spectra and validated using energy-dispersive spectroscopy
(EDS). Cd and S constituted the majority of the film composition. Traces of C, Ca, and Na
contaminants were also observed but in negligible amounts. As can be seen from the data, the
films deposited at low bath temperatures are highly stoichiometric.

This is evident from the 1:1 ratio between the Cd* and S* ions. Films deviate significantly
from stoichiometry at higher bath temperatures, reaching ~1.67 Cd*" ions per one S*. This is



Efficient Optimization of the Optoelectronic Performance in Chemically Deposited Thin Films
http://dx.doi.org/10.5772/67315

understood from the previous discussion of the interstitial trapping. The large Cd** ions are
caught in the lattice, offsetting the Cd:S ratio; correspondingly, the electrical performance was
observed to be enhanced.

Deposition temperatures (°C)

55 75 95
Ratio Cd:S 1:1 1:0.90 1:0.59
Optical band gap (eV) 243 2.45 2.49
n (cm™) x 107 1.1 59 8.1
p(cm? V71s™) 8.2 10.0 32.5
0 (Q cm) 33.5 30.7 9.3

Table 1. Deposition temperatures and film parameter summary [28].

For example, the carrier concentrations (1) increase over sevenfold. This is achieved without
sacrificing the carrier mobility (1) which also rises nearly four times. Resistivity (p) decreases
over threefold as well. This phenomenon is contrary to the common empirical relationship
between carrier concentrations and mobility [47, 48]. This is partially due to the larger grain
sizes in the cluster-by-cluster grown lattices. More importantly, however, this is suggestive
that unlike extrinsic doping, the interstitially trapped dopants contribute carriers without
following the inverse proportional relationship between carrier concentrations and mobil-
ity. This is a significant result, allowing for semiconducting thin films to overcome current
limitations.

2.3. CBD conclusions

From the presented research, it is evident that the growth mechanism during chemical bath
deposition can follow several routes during the fabrication of thin film, which can affect their
performance. Careful study of the deposition mechanisms allows for a controlled deposition
of the film with the desired optoelectronic properties. Furthermore, control of the growth
mechanism can allow for the theoretical doping limits to be overcome and for the exploita-
tion of novel film regimes. All of this can be achieved simply by controlling the deposition
temperature with negligible changes in the deposition costs.

3. Chemical vapor deposition (CVD)

CVD is another promising chemical deposition method for the production of high-quality thin
films. Although this method was developed and studied since the 1960s, the recent interest in
organic and two-dimensional semiconductors has reinvigorated the field. Perhaps, the most
attractive characteristic of CVD is just how effective and versatile it can be [49]. Nanostructured
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graphene, carbon nanotubes, CH,NH_,Pbl, perovskites with applications in optoelectronics,
solid oxide fuel cells, batteries, sensors, and high-performance organic photovoltaics are all
manufactured using CVD [50-52]. Moreover, this method has been shown to be adaptable for
the deposition of a single-layer material and scalable for mass production [53, 54]. Another
advantage of CVD is the conformity of the deposited films (i.e., the thicknesses and grain sizes
near the substrate edges are comparable across the sample) [55]. Hence, such films can be
deposited on elaborate shapes, inside underlying features, and in high aspect ratio holes. Thus,
there are virtually no limits to the types of films that may be deposited using this method.
CVD does not discriminate between transition metals, heavy metals, organics, and inorgan-
ics and has the ability to deposit all of these without distorting the structures of the films.
Additionally, cost-effective distillation of the precursors allows for deposition of high-purity
films. The power of this method cannot be overstated. Chemical vapor methods yield to chem-
ical bath only in the areas of deposition surface size and the equipment cost.

3.1. CVD theoretical considerations

CVD is influenced by numerous factors. For example, the type, shape, size of the reactor, gas
flow, flow rates, flow order, arrangements coating, and substrates all affect the overall deposi-
tion results and mechanisms. The deposition reactions themselves may require complicated
reaction schemes, involving pyrolysis, reduction, oxidation, disproportionation, hydrolysis,
or some combination of each [56]. Despite the various approaches to CVD, in general, the
results are achieved in a linear sequence. First, reagents are applied to the substrate to create
an initial kinetic barrier. This barrier needs to be permeated by the gaseous diffusion prior to
the preliminary reactions. Initial absorption then takes place on the substrate surface followed
by reactions among the chemical constituents which results in nucleation. As with the CBD
study, careful consideration of the CVD experiments allows for an effective tunability of the
film characteristics. Here, we present a short theoretical discussion.

In general, the flow of the gases is assumed to be laminar, with zero velocity near the surface
of the substrate, and increasing linearly to a constant value at some distance from the sub-
strate. In such an approximated case, the boundary layer theory (BLT) is used for the study of
the reaction dynamics [57]. This approach couples the chemical and mass transport processes
on the heated substrate surface with a gas flow.

The free energy of the chemical reaction is analogous to Gibbs free energy and may be easily
shown to be

#products #reactants

AG = le A Gproducts - z A Greactants (4)

p
where AG is related to the equilibrium constant k :
AG = 2.3RT log (kp) (5)

Due to vapors utilized in the CVD process, the equilibrium constant is related to the partial
pressures of the reactants and products. It is of greater interest, however, to relate the equi-
librium constant in terms of concentrations. This is achieved using the ideal gas law [58]. The
resulting free energy of the system consisting of ¢ gaseous and s solid phases is thus
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n s
AG = ¥ ngAGg+RT1n(P)+zT1n(ﬁg)] +3 0 AG, 6)
=

=n, g

where 1, and n_are the number of moles of a particular reagent in the gaseous and solid state,
respectively, and N, is the total number of moles of all gaseous components. P and T are the
total pressure and temperature, respectively. The AG and G_ are the free energy of formation
at specific temperatures for the gaseous and solid species, respectively. Thus, the equation can
be solved iteratively for the free energy minima, i.e., the point at which nucleation will com-
mence. An analysis of the equation also reveals that the reagent concentrations can be offset
by the pressure and temperature in the CVD chamber.

Hypothetically, it should be possible to conduct thin-film growth at low pressures and tem-
peratures with high reagent concentrations; although such an approach would not be most
efficient from the chemical perspective, it would, however, help alleviate the requirement for
sophisticated equipment. Further, the low-temperature approach allows for the deposition
of highly sought organic materials. Of course, there is also a limit to the operability tempera-
tures, since at some pressure and temperature the molecular gases will liquefy.

The analogousness between the CBD and CVD methods should be obvious from the brief
theoretical introduction. The free energy of the chemical reaction, Eq. (6), shows that reagent
concentrations, pressure, and temperature are the control parameters of interest in CVD.
Thus, similar to CBD method, the optoelectronic performance of the CVD grown films will
depend heavily on the deposition parameters and mechanisms.

3.2. CVD experimental data

Low vapor temperatures result in less random scattering of reagents; thus, clusters, ~10 um in
diameter, form in the flowing gas prior to reaching the substrate. These clusters then coalesce
on the surface of the substrate. The formation of CH,/H, clusters is shown in Figure 6(a) and (b)
[59]. The semisolid state of the clusters allows for coagulation with other clusters as they hit the
substrate. In this case thermal diffusivity of the materials will determine the final structure of
the materials [60]. In materials with low thermal diffusivity, e.g., organics, the structure result-
ing from the cluster-by-cluster deposition is similar to that of epitaxial growth. Consequently,
materials with low thermal conductivity can be deposited at low temperatures. Thus, it fol-
lows that theoretically it may be possible to achieve firm crystalline structures and optimal
optoelectronic performance of the films without the need for high deposition temperatures.

Figure 6. SEM images of carbon cluster formations on mirror-polished substrates.
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Reagent concentrations also greatly affect the structural quality of the materials and their
optoelectronic performance. For example, graphene deposited under high reagent concen-
trations showed high disorder, requiring synthesis of additional layers [61]. Raman analy-
sis of graphene deposited under various methane concentrations partially reveals the causes
behind the phenomenon, as shown in Figure 7. The data reveal an upshift of ~5 cm™ and a
downshift of ~6 cm™ in the D and 2D peaks, respectively. Extensive research on such peak
dispersions was shown to be caused by the formation of additional graphene layers [62].
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Figure 7. Raman spectra of CVD synthesized graphene with a Cu catalyst and SiO, substrates.

Furthermore, a significant increase in the D peak intensity is observed. This is typical of an
increase in disorder [63]. The types of the disorders, whether layer or defect related, remain
to be determined. Cumulatively, the results show that an increase in reagent concentrations
produces mismatched layers and film defects. This causes anharmonic interactions between
the phonons and electron-hole pairs [64], having a significant impact on the performance of
such films. It is of great interest to conduct further research in minimizing layer mismatches
and film defects. At present, this work is ongoing.

Preliminary results of the CVD flow rates and gas purity studies also show an effect on the
optoelectronic performance of chemically deposited films. This research, however, is in the
infancy stage and requires further analysis and effort.

There is a great potential for the efficient optimization of the optoelectronic performance of CVD
deposited materials. Significant additional research into the deposition parameters and their
effects on the growth mechanisms and optoelectronic performance will be required to fully under-
stand the effects of each deposition parameter. It is expected that these issues will be resolved in
the near future, allowing for effective optimization of these types of advanced materials.

3.3. CVD conclusions

In the optimization of CVD materials, thus far, the growth mechanisms have notbeen completely
elucidated. There is, however, a strong correlation between the optoelectronic performance and
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the deposition parameters. Much more research in the field of CVD modern-advanced materi-
als is required but, once solved, will allow for an efficient optimization of such films.

4. Conclusion

This chapter discussed the growth mechanics, characteristics, and optimization of the opto-
electronic performance in the chemically deposited materials. Two methods of interest are the
chemical bath and chemical vapor depositions. Much more work has been completed in the
field of CBD, but CVD is showing great promise in the deposition of novel advanced materials.
The growth mechanisms are well understood for the chemical bath but remain to be elucidated
for chemical vapor.

Once the growth mechanics are firmly established, it is possible to manipulate the chemical com-
position and other deposition parameters to efficiently optimize the optoelectronic film perfor-
mance. Such results are abundant for the chemical bath, as is evident from the CdS case presented
above, while for chemical vapor deposition, the research is ongoing. Each of these technologies
is continuing to find uses in increasingly complicated manufacturing applications. It is expected
that the ongoing research will enable new technologies for a wide variety of applications.
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