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Abstract

Thin film technology, based on different chemical and physical methods, enabled minia-
turization, co-integration, and amelioration of the performance of the devices. Chemical
vapor deposition (CVD) systems ensure high productivity and demonstrate excellent film
uniformity (up to 12 inch wafers) and repeatability with high throughput for a variety
of different films of oxides, nitrides, metals, chalcogenides, etc. In the last two decades,
direct liquid injection (DLI)-CVD enabling the usage of solid and liquid precursors has
proven to be one of the most versatile CVD process to meet industrial requirements. In
this chapter, the requirements to the precursors suitable for DLI-CVD, different classes of
available precursors, and models used to describe the evaporation are overviewed. Then,
different liquid delivery devices used in DLI-CVD such as capillary tubes, syringes, aero-
sol delivery systems, and valves are reviewed in detail.

Keywords: direct liquid injection, DLI-CVD, evaporation, precursors, injectors, thin
films

1. Introduction

In the last decades, thin film technology has been integrated with many large area applications
in electronics, information processing/storage, telecommunications, LED lighting/displays, solar
energy harvesting, etc. Thin film technology enabled miniaturization, co-integration, and ame-
lioration of the performance of the devices. Many different chemical and physical deposition
methods were developed in order to satisfy industrial needs and requirements in different appli-
cation fields. There is no universal technique for the processing of functional coatings. For each
application, more than one technique is being considered at industrial level and the final choice
depends on the specifications and on the maturity and readiness level of each one. The industry
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prefers conservative approaches in terms of available subcontracting environment, which makes
that process modification requires much higher performance, durability, and lower cost than
actually implemented solutions, the safety/environmental issues are considered, as well.

There are two basic technologies, used for the synthesis of functional coatings: dry methods
(depositions in vacuum conditions) and wet chemistry. The liquid-phase techniques, such as
ink-jet printing, aerosol/spray deposition, sol-gel method, spin-coating, or dip-coating, are
widely used in the coating technology due to their scalability and low cost [1, 2]. The usage of
liquids/solvents in the wet techniques may induce degradation of the properties of the bottom
layers and substrates and may introduce the impurities/defects in the heterostructure, which
may be a critical limitation to device performance in the applications such as electronics [2].
Moreover, the drying of the solvent can also lead to the inhomogeneous distribution of the
solute—“coffee stain” effect [3]. It is very challenging to grow the homogeneous coatings
on 3D substrates with high aspect features by means of wet techniques due to dewetting
and surface tension issues on the sidewalls and edges [2]. There is a considerable effort to
be made to solve the strong drawbacks and limitations to the types of substrates of the wet
techniques. Moreover, these methods usually provide poor reproducibility and non-uniform
compositional distributions in the coatings. Thus, dry methods are highly preferred for the
controlled synthesis of functional coatings. However, due to the strong advantages (low cost
and easy up-scaling), wet techniques are able to meet actual specifications and thus take lead
in “technology competition” with regard to dry techniques.

Different physical and chemical vapor deposition methods are used for the dry synthesis
of the functional films at laboratory scale [4]. Physical vapor deposition techniques, such as
pulsed laser deposition (PLD), magnetron sputtering, etc. offer in most cases a direct link
between the composition of the gas phase and that of the coating [5], they may require less
tuning and for this reason they are able to provide to the academia and the industry with
“real samples” easier and faster than chemical vapor deposition techniques. However, these
techniques will face issues in the stoichiometry adjustment in the case of multicomponent
films if one of the deposited components is highly volatile (or presents very different evapora-
tion characteristics). For instance, molecular beam epitaxy (MBE) is very powerful and essen-
tial tool in the semiconductor industry. Sputtering and evaporation techniques are widely
applied for deposition of metal, oxide, and nitride films in the microfabrication of devices.
Pulsed laser deposition (PLD) is broadly used by researchers for fundamental studies of new
materials. However, physical methods, such as PLD, evaporation, and magnetron sputtering,
are not compatible for depositions on non-planar surfaces and cannot offer precision control
of the film thicknesses as required by some industries.

The industrial requirements (quality and reproducibility) for designed coatings and especially
on 3D surfaces are more likely to be attained by chemical deposition methods, such as (metal
organic) chemical vapor deposition (MOCVD) and atomic layer deposition (ALD) [6, 7]. ALD
provides a tool for conformal coating on very high aspect-ratio nanostructures with excellent
uniformity. It has become a technique for both template-directed nanofabrications and engineer-
ing of surface properties. For example, ALD is used to deposit HfO, layers with nanometer scale
thickness in the complementary metal oxide semi-conductor (CMOS) fabrication. CVD systems
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ensured high productivity and demonstrated excellent film uniformity (up to 12 inch wafers)
and repeatability with high throughput for a variety of different films including semiconductors
(Si, IlI-V, etc.), dielectrics (e.g. SiO,, AIN, etc.), rare-earth oxides, ceramic materials (e.g. TiN,
Zr0,, etc.), ferroelectrics (e.g. PbTiO,, LaNiO,, etc.), superconductors (e.g. YBa,Cu,O, ), chalco-
genides, and noble metals. Despite industrial success of CVD in the manufacture of thin films
and its flexibility, offered by chemistry, CVD is still an expensive method compared to the wet
chemistry techniques.

In the CVD process, gaseous or evaporated precursors are transported to the heated substrate
where decompositions or other type of reactions take place. However, not all precursors are
under gaseous form at atmospheric pressure and ambient temperature (see Figure 1). In fact,
only about 10% of the industrially available precursors are gaseous (e.g., trimethylborane
B(CH,),, trimethylsilane Si(CH,),, etc.). The vast majority of precursors are available in solid
form (powders or crystals) (80%). About 45% of elements can be grown by using liquid pre-
cursors and the precursors of 5% elements are only liquid. Most available precursors exhibit
safety hazards and must be carefully operated and stored. The main disadvantages of classical
MOCVD systems are the difficulty to control the chemistry and the evaporation of the solid/
liquid precursors and therefore the composition and structure of coating (especially those of
multicomponents coatings), which affect the reproducibility. It makes difficult the control of
the film thickness and growth rate, which affects crystalline orientation, surface morphology,
and film density. Nevertheless, chemistry of deposition process might be a potential advan-
tage for precision manufacturing of films, if used in a controlled manner.
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Figure 1. Physical states of commercially available precursors at ambient temperature for each element in the periodic
table (gas in green, liquid in red, and solid in gold). www.sciencenotes.org
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In the case of solid precursors, the sublimation rate is directly linked to its free surface,
which in turn depends on the powder grain size and the amount of remaining precursor.
Consequently, as sublimation occurs, its surface area in contact with the gas changes, thus
changing the mass transport rate during the deposition. Due to the difficulty in precisely
controlling the evaporation of a powder, depositions involving multiple solid precursors fre-
quently were done by grinding optimized amounts of multiple precursors together to have
a homogeneous single-source powder and rarely multiple evaporators were used. Various
single-source powder precursors and techniques used to introduce powder in the evaporator
were reviewed in Ref. [8]. In 1998, Gorbenko and Bosak [9] used a vibrating feeder to control
the introduction of a mixture of p-diketonates precursors (see Section 2.1), namely La(thd),
and Ni(acim), or Ni(thd),, for the deposition of LaNiO, thin films and succeeded in growing
oriented stoichiometric layers. However, as many precursor powders are moisture sensitive,
another method was later proposed in which pellets were covered by an inert material [10].
An alternative way was a packaging of a mixture of precursor powders in a quartz tube, which
was then slowly introduced into the vaporizer. The large thermal gradient in the evaporator
combined with the slow entrainment of the tube ensured that the growth rate would only be
dictated by the density of the powder [11]. Although it worked well in laboratories, it proved
to be difficult a scaling-up to industrial requirements.

The term “direct liquid injection (DLI)-CVD” refers to reactors, which use liquid delivery
units to feed the deposition zone in reactants. It is much easier to regulate precisely a liquid
flow rate than that of powders. In some systems, the liquid goes through an evaporation unit
where it is vaporized, and in other cases, the precursors reach the surface of a heated substrate
in a liquid state and then they are vaporized prior to decomposition. If the precursor is still in
liquid phase when it reaches the substrate, the deposition method is called spray or aerosol
pyrolysis [12] depending on the generation method of the liquid droplets. Sometimes spray/
aerosol pyrolysis is called atmospheric pressure CVD as usually the evaporation takes place
in proximity of the substrate heated to high temperatures. The main advantage of DLI-CVD
is that, in most cases, the solution is kept under pressure at room temperature, which makes
it possible to use precursors with low thermal stability and low vapor pressure. Moreover,
powder precursors may be dissolved in the solvent and used in DLI-CVD systems, as well.

A bubbler technology is well established as a liquid precursor delivery system since many
years [13]. The principle is rather simple and robust: the liquid is stored inside a so-called bub-
bler, typically a stainless steel canister, and an inert carrier gas (usually Ar or N,) is introduced
inside the liquid to bubble. The precursor vapor saturates the atmosphere in the bubbler and
the vapor is then entrained to the heated substrate surface. The delivery of reactants depends
on three parameters: the temperature of the bubbler, the carrier gas flow rate, and the pres-
sure over the surface of the liquid. This system works particularly well with liquid precursors
which vapor pressures are not too low and not too high. In the case of precursors with low
vapor pressure, the only solution is heating the bubbler to increase the equilibrium vapor
pressure inside the canister. Yet, this has some major drawbacks as it restricts the usage to pre-
cursors that are stable at high temperature, and implies to heat the whole delivery line so that
condensation does not occur before reaching the substrate. To overcome the problems of non-
saturation of the carrier gas and fluctuation of the precursor flow rate, many different devices



Direct Liquid Injection Chemical Vapor Deposition
http://dx.doi.org/10.5772/intechopen.80244

were imagined, from two bubblers in series [14] to a self-metering reservoir [15]. Before 1990,
the main research effort on the heretofore mentioned interesting materials were dedicated
to physical deposition processes such as physical vapor deposition (PVD), as problems with
vapor phase control and stoichiometry were not totally overcome in CVD.

In the 1990s, the growing interest in the thin films of superconducting materials, ferroelec-
trics, and high-k dielectrics (YBa,Cu,O, , PbZr, Ti O,, BaTiO,, SrTiO,, etc.) [16] leads to the
development of more reliable and versatile delivery systems adapted to a wider range of pre-
cursors. The first generation of the IIA group solid precursors were thermally unstable at their
sublimation temperature. They had a strong tendency to oligomerize and aging issues [17].
Much effort was made in precursor chemistry and in development of new liquid injection
systems. In this chapter, we overview liquid delivery systems developed to date emphasizing

on the problems it solved and the challenges it rose.

2. Precursors for DLI-CVD

2.1. Choice of the precursors

The injection devices have greatly enhanced the vaporization efficiency, thus the high vola-
tility is not the main issue as it was with previous delivery systems. From a point of view
for large-scale CVD applications, choosing the best precursors for a given application can
sometimes be troublesome. As a matter of fact, a suitable precursor should meet several key
requirements:

i. High purity and high yield,
ii. Stability at ambient temperature,
iii. Easiness to handle and non-toxicity, and

iv. Congruent volatilization with a significant temperature gap between evaporation and
decomposition.

Additionally, it was shown that the molecular structure of the precursor had a significant
impact on the growth dynamics and properties of the films, as well [18-20]. An organometallic
compound should have a direct metal-carbon bond in their molecular structure, and it is admit-
ted that precursors with a metal ion and a coordination complex (e.g. a metal ion is linked
to a carbon chain through oxygen or nitrogen) are metalorganic compounds. Most of commer-
cially available products belong to these five major classes of metalorganic compounds: metal
p-diketonates, metal cyclopentadienyls, metal alkoxides, metal alkyls, and metal alkylamides
depending on the organic complex associated to the metal.

Metal p-diketonates are the most used and common precursors for MOCVD and especially
for depositions of oxide films. The (O,0’-n?) chelating ligands of p-diketone usually form both
thermally and hydrolytically stable complex with metal ion. Although it is mostly an advan-
tage, it implies that the deposition temperature should be high enough to reach the precursor
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decomposition temperature or that additional source of energy (plasma, UV light, etc.) is pro-
vided at low deposition temperatures. However, it can heavily increase the carbon contami-
nation when working at low temperatures. Additionally, their low reactivity with water has
proven to be a complication in ALD processes. Many derivatives of f-diketonates precursors
and the abbreviations of their names are presented in Figure 2. The volatility of the precursor
can be tuned by modifying R-groups of ligands. For instance, Schweitzer et al. have shown
that the lead precursors with bulkier R-groups became more volatile (Pb(acac), < Pb(dhd),
<Pb(thd),) [21]. They explained this tendency by the increased shielding effect on the highly
positive metal center and the reduced intermolecular oxygen-metal interactions in the solid
state. Additionally, Fahlman et al. have reported that the increased fluorine substitution in
the R-groups could improve significantly the volatility of zirconium p-diketonate precursors
[22]. But on the other hand, fluorinated precursors often led to fluorine contamination in the
deposited oxide layers. This contamination could be reduced by the introduction of excess
H,O vapor [23]. Another way to increase the volatility and/or the solubility in a solvent of the
B-diketonate complex [24] is to add stoichiometric amount of a Lewis-base compound in the
solution or directly on the complex in order to saturate the coordination sphere of the metal.
The p-diketonates precursors have been successfully used to grow a large variety of films
from pure metals, simple oxides, solid solutions, and composite materials (e.g., ruthenium
and ruthenium oxide (RuO,) [25], lanthanum-modified lead zirconate-titanate (PLZT) [26],
yttria-stabilized zirconia (YSZ) [27], lithium niobate [27, 28], etc.).

Metal alkoxide (M(OR) ) precursors are the second type of the most used precursors in
MOCVD processes. They are usually more volatile than p-diketonates and provide less
carbon contamination even at low oxygen partial pressure. Their volatility is linked to the
electron density on the metallic center and the saturation level by ligands as it will condition
the tendency to form oligomeric (M(OR),)  clusters [29]. The oligomerization can however

pentane-2 4-dionate 1,1,1-trifluoropentane-2 4-dionate  (hexafluoroacetylacétonate) (hfac) 1,1-dimethylhexane-3,5-dionate
(acetylacetonate) (acac) (tnfluoroacetylacetonate) (tfac) (dhd)

2266 thylheptane-3,5-di

(thd)

2.2.7-trimethyloctane-3,5-di 1.3-diphiecaylpeopanc-1.3-&
(tmod) (dibenzoylméthane) (dbm)

1,1,1-tnfluoro-5,5-dimethyl- ) : ) )
hexane-2,4-dionate (pta) 2,2, 7-timethyl-3,5-octanedionate t-butylacetoacetate N, N-diethylacetoacetamide
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Figure 2. Composition, names/abbreviations of f-diketonate ligands [31].
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be attenuated, or even suppressed, by using bulky ligand (e.g. isopropoxide (OPr) or tert-
butoxide (O'Bu)) [30]. For example, the volatility of zirconium precursor increases in the order
Zr(OEt), < Zr(OPr), < Zr(O'Bu),, the first being a trimer, the second a dimer, and the third
a monomer. Another possible way is to use the alkoxides functionalized with a donor like
dimethylaminoethoxide ([OCH,CH, NMe,] often referred to as (dmae)). However, metal alk-
oxide precursors can be hydrolyzed very easily [31] and some of them are highly toxic. These
precursors too have been extensively used for the last two decades in the growth of oxide
films like LiNbO, [32, 33], LaAlO, [34], YSZ [35], etc.

Metal cyclopentadienyl (Cp) precursors show good thermal stability and volatility. However,
their n°-bonding mode makes them a considerable source of carbon contamination. They are
reactive with water even at moderate temperature and this makes them suitable candidates
for ALD processes [36, 37]. Metal alkyl precursors are usually very reactive, toxic, and/or
pyrophoric, as well as being a source of heavy carbon contamination in oxide films [38].
Nevertheless, aluminum and zinc alkyls are successfully used in ALD processes to grow
ALQ, from trimethylaluminum (Al(CH,),) [39] and ZnO from diethylzinc (Zn(C,H,), or DEZ)
[40]. On the other hand, metal alkylamides usually have medium volatility and some of them
exhibit good stability to hydrolysis. Most of alkylamides can be easily aminolyzed. Thus, they
are reliable precursor sources for the growth of metal nitrides. Although they do not have any
metal-oxygen bond, high purity oxide films were grown under big oxygen partial pressures
by MOCVD [41] and ALD [42].

As briefly presented, different types of metalorganic precursors have their own strengths and
weaknesses and the operators should know the deposition temperature before choosing their
precursors. Most of f-diketonates will show good yield at high growth temperatures and they
will be more resistant to hydrolysis but a synthesis will be inefficient at low temperatures. The
alkoxides could be more adapted to depositions at low temperature where the main issue is the
carbon contamination. The cyclopentadienyls have shown good efficiency in ALD processes.
To overcome limitations of different families of precursors, a number of scientific teams have
tailored new precursors combining the good stability of f-diketonates with the high volatility
of alkoxides and have shown that the precursors consisting of different types of ligands showed
better performance than those with single type of ligands. In fact, Jones et al. [19] showed
that Zr(OPr),(thd), was more suitable precursor for the growth of Pb(Zr,Ti)O, at moderate
temperatures than the commercially available Zr(thd),. The influence of precursor structure on
GaAs, ZnSe, and Al Ga, N film growth was described in detail by Jensen et al. [18].

2.2. Evaporation of liquid droplets

The theory describing the heat transfer between a gaseous medium and a droplet of liquid is
well known and the basics of the evaporation process were given by Maxwell in 1877 [43]. His
model for stationary state evaporation [44] assumed that:

i. The droplet was spherical and without any relative motion with regards to the gas;

ii. The vapor concentration at the surface of the droplet was equal to the saturation concen-
tration; and
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iii. The evaporation was an equilibrium process.

However, in the case of droplet evaporation with a low vapor pressure, this model is not
sufficient. There are six different models, used to explain vaporizing process at low vapor
pressure:

i. The constant-droplet-temperature model (decreasing linearly as a function of the square
of the droplet diameter, d, also called d* law);

ii. The infinite-liquid-conductivity model;
iii. The spherically symmetric transient droplet-heating (or conduction-limit) model;
iv. The effective-conductivity model;

v. The vortex model; and

vi. The Navier-Stokes equation solution.

The infinite-liquid-conductivity model is commonly used in modeling of industrial spray
processes. In order to simplify the description, this model is based on several assumptions:

i. A single Lewis number in the gas phase surrounding the droplet and

ii. A negligible transient liquid heating although it would appear to be a governing factor of
the droplet vaporization rate [45].

Detailed description of fluid dynamics and transport of droplets and sprays can be found in
Ref. [46]. This model was used to describe the fuel droplet vaporization in combustion pro-
cesses [47, 48]. Although the description of evaporation phenomenon is complex and many
assumptions are needed, basically it can be easily understood, that smaller droplets are more
easily evaporated. In a heated environment at low vacuum, the heat is transferred through the
exchange between the gas and the droplet. Two parameters have to be taken into account: the
specific heat capacity, C  of the gas and the free surface of the droplet. The surface/volume
ratio can be increased by minimizing the radius and evaporation at a given flow rate can be
ameliorated by introducing more but smaller droplets. This possibility was not really consid-
ered in the first liquid delivery devices, but very quickly the atomization has become one of
the major concerns of the injector industry and the key parameter, used to discriminate liquid
delivery devices.

3. Liquid delivery systems

In this section, different liquid delivery devices used in DLI-CVD such as capillary tubes,
syringes, aerosol delivery systems, and valves and their developments are reviewed in detail.

3.1. Capillary tubes and syringes

Capillary tubes are one of the simplest ways to introduce a flow of precursor with controlled
rate into an evaporator. The liquid drops into a heated zone (either a quartz tube [49] or a
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stainless steel “tee” [50]) with flowing a neutral gas, or more conventionally, a nebulizer.
The principle of this method is based on the capillary effect. The flow inside the capillary is
laminar, the liquid in contact with the walls is stationary and there is no radial flow. Thus,
the pressure across the cross-section is constant. According to Hagen-Poiseuille law, the flow
volume through the tube, Q, is governed by four parameters such as the viscosity of the
precursor solution, y; the radius of tube, r; the length of the cylindrical tube, d; and lastly the
pressure difference between the top (usually sealing to the bottle which contains the precur-
sor) and the bottom “pressure drop”, AP:
nrt AP
Q=% 1)
The main advantage of this liquid delivery system is an ability to provide a steady flow of precur-
sors to the vaporizer. However, the substantial drawback is that the flow volume itself can only
be tuned by varying the viscosity of the liquid. This means changing the solvent or the concen-
tration of the precursor in the solution, which in turn could affect the quality of the deposition.
Borgharkar et al. [50] have even reported that increasing the concentration of Cu(hfac),, diluted
in isopropanol (i-PrOH), led to an unstable flow rate through the capillary due to high viscosity.

To tune the injected flow itself, syringes were used as the precursor vessel, and the process
was sometimes referred to as lirect liquid evaporation-CVD (DLE-CVD) [51]. The syringe
is placed into a syringe driver, or syringe pump, connected to the capillary tube. The liquid
flow is controlled precisely by adjusting the rotational speed of a stepper motor. The multiple
precursors can be introduced to the evaporator by means of either multiple syringes and
their drivers, or by using their mixture in a single solution. However, this technology is well
adapted only to the liquid precursors at ambient temperature and the usage of the precursor
solutions may face several issues. Indeed, since the bottom of the capillary tube is in contact
with a heated zone, the vapor pressure difference between the diluted solid precursor and
the solvent may lead to the evaporation of the solvent with low vapor pressure prior to exit-
ing the capillary. This in turn can introduce a partial/complete clogging of the tip with the
precipitated solid precursor and disruption of the solution flow. The usage of heavy solvents
may eliminate these issues but it can have a significant impact on the carbon contamination of
the deposited layer. A possible solution to this problem was proposed by ASM International
by an introduction a three-way valve in order to introduce a carrier gas together with the
solution in the capillary system [16]. An example of such system using an advanced syringe-
capillary system to control the precursor injection rate, adapted to the synthesis of carbon
nanotubes, is presented in Figure 3 [52]. Many different thin films of metals and binary oxides
thin were grown using this technique: Cu [50], transparent amorphous Al,O, [53], ZrO, [54],
TiO, [55], La,O, [56], VO, [57], etc.

3.2. Aerosol assisted-CVD and pulsed-pressure MOCVD

Some CVD processes rely on the nebulization, or the atomization of liquid precursors into a
“mist”, or an aerosol, which is then brought to the heated substrate by carrier gases. The ultra-
sonic atomization process takes roots in the Lord Rayleigh’s “The Theory of Sound” [58], and
Lang’s works on the absorption of energy by a liquid [59]. When a liquid is placed on a flat
surface vibrating along the surface normal, some of the energy is absorbed and transformed
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Figure 3. Schematic representation of a DLE-CVD reactor using a syringe pump associated with a 9” needle. Reproduced
with permission [52]. Copyright 2018, MDPL

into transverse standing waves called capillary waves in the liquid. As the amplitude of the
vibration increases, the difference in height between the crests and troughs increases to the
point where it compromises the stability of the wave. At this stage, the waves collapse and
tiny droplets of liquid are ejected from the crests. If the vibrational frequency is too high, a
cavitation can occur and large portions of liquid are sent [60].

Size of droplets, produced by industrial atomizers, follows a narrow Gaussian distribution
and the mean size value depends entirely on the wavelength of the capillary wave, which
in turn depends on the frequency of the transducer and the properties of the liquid [58, 59]:

A= (?;I;:) and )

Dnos = 0,34%A, 3)

where 1 is a wavelength of the liquid, y is a surface tension, p is the density, fis a frequency
of the actuator, and D _is the median diameter of droplets. Tsai et al. have demonstrated
as expected that the drop size could be decreased by increasing the ultrasonic frequency
[61]. However, it should be noted that the working frequency of some atomizers cannot be
tuned. In fact, the working frequency of an ultrasonic spray nozzle is governed by its dimen-
sions. The high-frequency nozzles work with small wavelength and are consequently smaller
than low-frequency nozzles. The rate of liquid flow to atomizer can be calibrated and con-
trolled accurately by means of liquid mass flow controller. Theoretically, a very large range of
flow rates should be possible, but in fact, the ratio of maximum to minimum flow rates pro-
duced by the same atomizer is limited to 5 due to design constraints [62]. Usually, atomizer
works with a piezoelectric transducer, which converts an electrical input into a mechanical
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output. This transformation is accompanied by a heating of both the transducer and the pre-
cursor solution resulting in the shift in the resonance frequency and in the change of the
liquid viscosity, respectively. This alters the flow rate of the liquid resulting in an unstable
film growth. Thus, most deposition cycles to finish in a relatively short time (matter of min-
utes) [63]. Ultrasonic atomization in aerosol-assisted CVD (AACVD) has the benefit to allow
a wider choice of precursors. In fact, a high volatility is not anymore a requirement and a
solubility in solvent becomes the main selection criteria [64].

Different CVD systems based on aerosol delivery systems have been developed with custom-
ized vaporization zones. In the case of AACVD, also referred to as liquid source misted chemi-
cal deposition (LSMCD) [63] or liquid source chemical vapor deposition (LSCVD) [65, 66], the
precursors or their solution are sent continuously to the reactor where they evaporate in the
vicinity of the substrate surface due to high thermal gradient. Although McMillan et al. [67]
have reported that in the case of LSCVD, an uniform film deposition could not be achieved
on a rotating heated substrate unless a barrier plate was located in the vicinity of its surface,
the homogeneous depositions were demonstrated by later developed AACVD systems. A
possibility to grow thin films of a large variety of oxides and metals was studied by using an
ultrasonic delivery systems. As illustrative examples of AACVD could be:

i. The deposition of partially reduced tungsten oxide, WO,_, from polyoxotungstate anions
[n-Bu, N],[W,O,] and [n-Bu,N],H,[PW O, ] using a PIFCO ultrasonic humidifier [64] and

ii. The growth of nanocomposite of VO, thin films with embedded cerium dioxide CeO,
and titanium dioxide TiO, nanoparticles by means of a hybrid method combining the
atmospheric pressure (AP)-AACVD using standard Vicks humidifier with a continuous
hydrothermal flow synthesis (CHES) [68].

In the case of pulsed-pressure CVD (PP-CVD) [69] or pulsed liquid injection with an ultrasonic
nozzle [70], a small shot of liquid is pushed by an inert gas into the vaporizer through an ultra-
sonic nozzle (Figure 4), and quickly evaporates [71]. This produces a pressure pulse, and then
the chamber is subsequently pumped back to the initial pressure in order to send another shot.
High efficiency of deposition process has been achieved by means of PP-CVD [72]. Conventional
nebulizer was employed in PP-MOCVD such as Sono-Tek ultrasonic nozzle. PP-MOCVD was
used to grow sealing layers of yttria-stabilized zirconia on porous solid oxide fuel cell electrodes
[35], tantalum oxide [73], epitaxial titanium dioxide [71, 74, 75], as well as lithium tantalate [76].

3.3. Valves

The liquid delivery systems in CVD, presented previously, were developed by implementing
different industrially available valves. According to the operational mode, valves can be clas-
sified into ON/OFF valves and proportional valves. The proportional valve allows very precise
control of the opening area via a piezoelectric material, which in return allows for an adjust-
able flow rate. The ON/OFF operating valve was typically used in the motor industry prior to
the 2014 Euro 6 emission standards. In the 1980s, electromagnetic ON/OFF valves, in which a
current is applied to the solenoid generating attraction force in order to pull the plunger below
up, releasing the valve seat and letting the liquid flow out of the chamber through a very fine
nozzle [77], are well known [78, 79] and used in many ON/OFF systems where the control of
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an injected volume is crucial. In 1993, Sénateur et al. have proposed to use them in a pulsed
injection (PI)-MOCVD process [80]. A strong advantage of PI-MOCVD systems is a clear inter-
face between the pressurized environment at ambient temperature where the precursor is
stored safely and the low-vacuum atmosphere of the heated evaporator. Thus, the problems
related to vapor pressure differences between the solvent and its solute could be mostly over-
looked in the case of PI-MOCVD. The injector works as a valve, regulating the flow of liquid
introduced in the evaporation chamber and as a nozzle atomizing the flow into tiny droplets.

As explained earlier (see Section 2.2), the dimensions of droplets have a fundamental impact
on the evaporation efficiency of the liquid solution. Therefore, there are several key parame-
ters of conventional solenoid injectors defining a quality of atomization: (i) the nozzle geom-
etry (size, number of orifices, and degree of conicity), (ii) the flow regime inside the injector,
and (iii) properties of the solution/liquid such as viscosity and concentration. The nozzle
geometries and flow regimes have been extensively studied in the fuel injection industry
[81-85]. Most commercially available injectors work in the frequency range between 0.1 and
200 Hz with very small opening times. These characteristics offer a very large working range
in terms of injected flow rate and ultimately, in terms of film growth rate. In such injection
system, the injection flow rate depends on the concentration and viscosity of the precursor
solution, the opening frequency and time of the nozzle, and the pressure difference between
the stored solution and the evaporator. Very small opening time ensures the fast evapora-
tion process and helps to avoid the dissociation or premature decomposition of precursors
before evaporation. However, it should be noted that the injector may produce instable
flow at opening time below 1 ms. It is important to note, that injectors are commanded by
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computer, which allows digital control of the injection frequency, number of injected drop-
lets, opening time, and consequently thin film growth rate and thickness. As in the case of
ultrasonic nozzles, there are usually no corrosion problems inside the injector with organic
precursors/solvents, but some applications may require specially coated injectors.

It was shown that the precursors with low vapor pressure can be efficiently used in
PI-MOCVD. PI-MOCVD reactors equipped with multiple injectors are used for the growth of
multi-element films with controlled composition/stoichiometry, multilayers, nanocomposites
and complex nanostructures of superconductors [16], high-k dielectrics [86, 87], ferroelectrics,
conductors [88], etc.

As the solvent can cause a carbon contamination in the films, Kaul and Seleznev [89] have
proposed a method to remove the solvent of a solution prior to vaporizing the precursor. In
this process, a fiberglass belt is wetted with a controlled amount of solution outside of the
evaporation chamber. Then, the tape is brought into a warm zone of the reactor where only
the solvent evaporates. The belt with solid precursor is then mechanically carried to a zone
where flash evaporation of precursors occurs. Later, the same process has been applied with
in situ wetting of the tape with sequential injection of micro-amounts of solution (illustrated
in Figure 5) [90]. Although a solvent was introduced like in PI-MOCVD, only a mixture of
precursor vapor and carrier gas reaches the substrate. This method may be particularly useful
in the synthesis at low temperatures in order to solve carbon contamination issues.

An injection system was first commercialized under the JetPulse® name by Jipelec, a divi-
sion of Qualiflow, and it was later acquired and further developed by AIXTRON® under the
name TriJet® [91]. TriJet® evaporators are installed in the latest AIXTRON® ALD machines
and have been used in MOCVD processes, called atomic vapor deposition (AVD). In fact, the
reproducibility of the commercially available injectors was very poor. To face fluctuations
in the partial pressure of the liquid, operators had either to dilute significantly the precursor
solution or to lower the injection frequency. Additionally, since the nozzle of the injector is
subjected to the heated environment, a premature evaporation of liquid solution trapped
inside the injector may happen, which can significantly alter the injection flow rate of diluted
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Figure 5. Schematic representation of a DLI-CVD furnace using solenoid electrovalves in combination with a moving
tape. Reproduced with permission [90]. Copyright 1998, Elsevier.
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solids and clog partially/completely the injector [92]. To overcome these issues, Kemstream®
came up with the idea to have a two-stage injection process (Figure 6). The liquid injector
introduces a precursor solution into the “mixing chamber”, where a controlled amount of
carrier gas is mixed with the precursor solution. A few milliseconds later, the second injec-
tor opens and the mixture is injected and atomized into the evaporator. The operator must
make sure that there is a short delay between the opening times of two injectors. The most
important advantage of double injector is the formation of a homogeneous liquid-gas phase
in the mixing chamber. This drastically diminishes the radius of the injected droplets, hence
increasing the evaporation efficiency. This method offers a far better atomization of the pre-
cursor solution along with the possibility to use even lower vapor pressure precursors than
in single-injection systems. Brooks® Instrument also proposes a multiple liquid inlet direct
liquid vaporizer system (Figure 6), which injects the solution into a chamber where it is both
atomized by sending a carrier gas perpendicularly to the stream and vaporized in contact
with a hot gas [93]. Kemstream®'s injector (Figure 7a) can be found on Annealsys® CVD and
ALD machines and process are called “direct liquid injection (DLI)-CVD and ALD” [94-96].
The Brooks® DLI Vaporizer Systems (Figure 7b) were successfully implemented in indus-
trial CVD [97-99] and ALD [34, 100-105] processes, as well. The major part of the DLI-CVD
industry is dedicated to the deposition of very well known III-V semiconductors, in which
HORIBASTEC Liquid Vaporization Systems (Figure 7c) are broadly used [106]. It is also
interesting to note that although the latest emission standards pushed the fuel industry to
go toward piezoelectric injectors, the piezoelectrically driven injectors and piezo-valves are
still very rare in DLI-CVD systems [107].
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Figure 6. Schematic representation of Kemstream® two-stage injection process.
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4. Conclusions and perspectives

Liquid mass flow controllers appear as a viable option for controlling a rate of a liquid flow,
but they cannot be used as a direct liquid delivery unit in CVD systems. The main problem
lies in the fact that it delivers a continuous flow of precursors in the evaporator. The process
then depends entirely on the ability of the evaporator to vaporize the precursor, which is
inefficient without any other atomizing system. The usage of a heated plate would be very
unreliable in time. In the case of nebulizers or transducers, the progressive heating of the
element leads to a drift in the aerosol flow. On the other hand, the ultrasonic nozzle shows a
good reliability in evaporation and a good capability to handle “difficult” precursors. Each
nozzle works at a certain frequency dictated by its dimension and it limits the tenability of the
feeding rate. To regulate the amount of precursor sent to the substrate, the operator can either
dilute/concentrate the solution or limit/increase the flow that comes to the nozzle.

Injection systems based on solenoid valves have reached very good performance and techno-
logical maturity. Major advantages brought by injection delivery systems are versatility, the
digital control of the growth rate and the thickness of the film, and the storage of precursors
at ambient conditions ensuring their stability in time. Advanced new-generation injection
systems guarantee a controllable and stable feeding rate. DLI-CVD permits to vary and to
control easily the composition of complex material film and doping level from sample to
sample. Thus, it provides an excellent film composition control (<1%), has low cost, high effi-
ciency, offers high uniformity on large area (<1.5%, up to 12 inch wafers), good conformal
step coverage, high flexibility in precursors selection (solid or liquid), atomic control of film
thickness (up to 10 A), and possibility to deposit complex materials and multilayers. DLI-
CVD is widely applied in industry of thin films fabrication ensuring high productivity and
demonstrating excellent film uniformity and repeatability with high throughput in the CMOS
era for a variety of different films including high-k dielectrics, rare-earth oxides, perovskite
oxide and chalcogenide, and noble metals.

Although several solutions were proposed in the literature, the industrial DLI-CVD systems
are still not well adapted to the depositions at low temperatures due to issues of carbon con-
tamination originating from organic part of the precursors and the presence of the solvent. Thus,
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further developments continue on the low-temperature CVD systems assisted by additional
energy source such as plasma, UV, etc. Many research teams work on the molecular engineer-
ing of the precursor structure including combination of multiple ligands in order to ameliorate
the decomposition of precursors at low deposition temperatures. CVD system efficiency and
application at industrial scale remains highly dependent on the available precursor quality and
reliability.

As described above, direct liquid delivery CVD has taken a profit from the developments in
other fields, for example, chromatography, industrial spray coating, and automotive indus-
try. The valves, transducers, liquid mass flow controllers, capillaries, etc. developed for other
applications were successfully adapted to the liquid precursor/solution delivery in the CVD
reactors. Thus, the advances in liquid delivery systems mainly used in large public applications
determine the further developments of CVD systems, as well. The automotive industry has
upgraded its fuel injection technology by implementing injectors with piezoelectric nozzles to
adapt to the new emission standards. The piezoelectric nozzles react much faster, meaning a
faster opening and closure of the valve assuring a better control of the injected flow, and the
opening time can be tuned much easier by changing the allocated tension. Probably, all these
improvements will be soon implemented in the next generation DLI-CVD systems, which will
serve beyond CMOS Era.
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