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Abstract. Many techniques for the synthesis of ceramic thin films from aqueous solutions at low temperatures (25–
100◦C) have been reported. This paper reviews non-electrochemical, non-hydrothermal, low-temperature aqueous
deposition routes, with an emphasis on oxide materials for electronic applications. Originally used for sulfide and
selenide thin films, such techniques have also been applied to oxides since the 1970’s. Films of single oxides
(e.g., transition metal oxides, In2O3, SiO2, SnO2) and multicomponent films (doped ZnO, Cd2SnO4, ZrTiO4, ZrO2-
Y2O3, Li-Co-O spinel, ferrites, perovskites) have been produced. The maximum thicknesses of the films obtained
have ranged from 100 to 1000 nm, and deposition rates have ranged from 2 to 20,000 nm/h. Compared to vapor-
deposition techniques, liquid-deposition routes offer lower capital equipment costs, lower processing temperatures,
and flexibility in the choice of substrates with respect to topography and thermal stability. Compared to sol-gel
techniques, the routes reviewed here offer lower processing temperatures, lower shrinkage, and (being based on
aqueous precursors) lower costs and the potential for reduced environmental impact. This review emphasizes the
influence of solution chemistry and process design on the microstructures and growth rates of the films. The
current understanding of the mechanisms of film formation is presented, and the advantages and limitations of these
techniques are discussed.
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1. Introduction

Techniques for the synthesis of ceramic1 thin films
from aqueous solutions at low temperatures are emerg-
ing as possible alternatives to vapor-phase [1, 2] and
chemical-precursor [3, 4] techniques. Lower temper-
atures allow films to be deposited on substrates that
might not be chemically or mechanically stable at
high temperatures. Unlike vapor-phase processes, tech-
niques that use liquids as the deposition medium do not
rely on line-of-sight deposition, so that non-planar sub-
strates can be coated. The equipment for liquid-based
techniques is simple and much less costly than, e.g.,
vacuum systems and glove boxes. Finally, with aque-
ous solutions and readily available reagents, there is re-

∗Current address: Siemens & Shell Solar GmbH, Otto-Hahn-Ring,
D-81739 München, Germany.

duced reliance on expensive or sensitive organometallic
precursors and the potential for reduced environmental
impact, in comparison with many chemical routes.
(Single-crystalline films can be obtained via either
aqueous or organic routes, as recently reviewed by
Lange [5], but all require a thermal decomposition step
at temperatures usually between 150 and 500◦C.)

On the other hand, the chemical versatility of sol-
gel and polymer-pyrolysis routes has enabled them to
be utilized to synthesize virtually any ceramic mate-
rial of technological interest. Vapor phase techniques,
after more than two decades of widespread research,
are well known to offer a high level of control over
the composition, microstructure, and growth rates of
the resulting films. Aqueous deposition techniques for
ceramic films have not yet reached this level of develop-
ment. Nevertheless, their potential to produce ceramic
films over large areas at comparatively low cost has



170 Niesen and De Guire

continued to make these techniques attractive and has
stimulated a resurgence of interest in them since the mid
1980’s.

The main techniques for the non-electrochemical
synthesis of polycrystalline ceramic films from aque-
ous solutions at low temperatures, and some of the ma-
terials produced using them, are listed below:
� Chemical bath deposition (CBD)—CoO [6], Co3O4

[7], NiO [8–10], AgO [11], Ag2O [11], ZnO [12–17],
CdO [12, 18, 19], In2O3 [20], SnO2 [21], Cd2SnO4

[13]; CdS, ZnS, Snx S, PbS, MnS, CoS, NiS, Cux S,
Ag2S, As2S3, Sb2S3, Bi2S3, MoS2, and correspond-
ing selenides (see reviews in Refs. [22–25])

� Successive ion layer adsorption and reaction
(SILAR)—MnO2 [26], FeOOH/Fe2O3 [27], NiO
[28], Cu2O [29, 30], CuO [31], ZnO [32–39] and
ZnO with Ni, Cu, or Cd doping [40], Tl2O3 [41],
SnO2 [42], LaNbOx [43], CeO2+x [44] and Y, La
and Eu hydroperoxide [45]; ZnS [46, 47], CdS [46,
48, 49], PbS [50], CoS [51], CuS [52, 53], Ag2S [54],
Sb2S3 [55, 56], In2S3 [57] and Bi2Se3 [58].

� Liquid phase deposition (LPD)—SiO2 (see review in
Ref. [59]), TiO2 [60–66], ZrO2 [67], V2O5 [68, 69],
β-FeOOH/α-Fe2O3 [70], NiFe2O4 [62], LnMO3 (Ln
= La, Nd; M = Cr, Mn, Fe, Co) [71, 72], SnO2 [73]

� Electroless deposition (ED) with catalyst (Ag+,
Sn2+, or Pd2+)—MnO2 [74], La1−x MnO3 [75], ZnO
[76, 77], In2O3 [78], Tl2O3 [74], α-PbO2 [79]

These main techniques are reviewed here, as well as
significant variations, including: photochemical depo-
sition (PCD), deposition assisted by applied fields, fer-
rite plating, use of functionalized surfaces, and liquid
flow deposition (LFD). Additional materials and de-
velopments are being reported monthly, from research
groups in every part of the world. While each of the
techniques reviewed here is distinct, all use aqueous
solutions at low temperatures (<100◦C) to yield poly-
crystalline or amorphous films. In some of the lit-
erature covered here, extensions beyond our present
scope will be mentioned briefly, e.g., non-aqueous so-
lutions, more complex structures, and non-electronic
applications.

2. Main Techniques

2.1. Chemical Bath Deposition (CBD)

2.1.1. Introductory remarks. Of all the deposition
techniques described here, chemical bath deposition of
metal chalcogenide films is by far the oldest. To the

best of our knowledge, it dates to 1884, when PbS thin
films were first deposited in the presence of thiourea
(SC(NH2)2) [80]. The term “chemical bath deposition”
is recent; we adopt it here as the generic name for tech-
niques that produce a solid film in a single immersion
through control of the kinetics of formation of the solid,
typically without changing the metals’ oxidation state.2

In recent decades, many sulfides and selenides have
been prepared by this technique. This work has been
summarized in several reviews [22–25, 81]. The num-
ber of materials is expanded by the ability to synthesize
ternary phases (or doped films) either by codeposition
[22] or by interdiffusion of previously deposited multi-
layers [82, 83].

Although the CBD literature is dominated by work
on sulfide and selenide thin films, this technique has
been used for the deposition of oxide thin films, with
potential for large-area applications in semiconductor
devices. The work on oxides (reviewed later in this
paper) is relatively new. Therefore, the range of ox-
ides that has been produced is much narrower, and
the understanding of processing-property relationships
is less advanced, than is the case with sulfide and
selenide films. The next section (§ 2.1.2) describes
CBD in terms applicable to both oxide and non-oxide
films. That is followed by a review of research on the
mechanism of deposition of CdS films (§ 2.1.3), which
provides insights into the mechanism of CBD in gen-
eral (§ 2.1.4). Then CBD of oxide films is reviewed
(§ 2.1.5), followed by a discussion of the applications
of films (non-oxide and oxide) deposited via CBD
(§ 2.1.6).

2.1.2. General description. The deposition
medium for CBD consists of one or more salts of
metal Mn+, a source for the chalcogenide X (X = O,
S, Se), and usually a complexing agent, in aque-
ous solution. Typically, the metal salts are cho-
sen for their moderate to high solubility in wa-
ter, e.g., chlorides, nitrates, sulfates, or acetates. Ex-
amples of chalcogenide sources include thiourea,
thiosulfate (S2O2−

3 ), or thioacetamide (CH3CSNH2)
for S2− ions and selenourea (SeC(NH2)2) or se-
lenosulfate (SSeO2−

3 ) for Se2− ions, while the wa-
ter itself provides oxygen in the form of OH−

ions. The complexing agent provides ligands such as
ammonia (NH3), triethanolamine (N(CH2CH2OH)3),
citrate ([HOC(COO)(CH2COO)2]3−), tartrate ([OOC
(CHOH)2COO]2−), cyanide (CN−) or ethylenedi-
amine (H2N(CH2)2NH2).
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The processes that occur in the CBD solution consist
in general of the following steps:
1) Equilibrium between the complexing agent and

water;
2) Formation/dissociation of ionic metal-ligand com-

plexes [M(L)i]n−ik , where Lk− denotes one or more
ligands;

3) Hydrolysis of the chalcogenide source;
4) Formation of the solid.
Most of the control that can be exerted over the film
growth process resides in adjustment of the last three
steps. Hydrolysis of the chalcogenide source (step 3)
is critical because it provides the desired non-metal
species that pull the metal cations out of solution to
form the solid film. The kinetics of this step are highly
sensitive to the solution’s pH and temperature, as well
as to the catalytic effects of certain solid species that
may be present. In principle, the formation of the
solid MmXn (step 4) begins when the rising concen-
tration of Xm− from step 3 causes the ionic product
[Mn+]m[Xm−]n to exceed the solubility product. In
practice, the central issue is whether the solid forms
as a film or as particles dispersed in the liquid; and
in the case of film formation, whether deposition pro-
ceeds by ion-by-ion growth on the substrate (i.e., by
successive cation and anion adsorption) or by a col-
loidal or cluster mechanism (i.e., by adsorption and
coagulation of colloids that were formed in the solu-
tion). Lastly, the formation of complexed metal ions
(step 2) allows control over the rate of formation of
solid metal hydroxides,3 which competes with step 4
and which would otherwise occur immediately in the
normally alkaline solutions. These steps together de-
termine the composition, growth rate, microstructure,
and topography of the resulting thin films. Therefore,
they are the focal point for efforts to control the films’
properties and their suitability for applications.

2.1.3. Deposition mechanism of CdS by CBD.
Within the framework of the four main reaction steps
listed in § 2.1.2, the deposition of CdS in aqueous am-
monia from thiourea and a cadmium salt can be formu-
lated as:

NH3−H2O equilibrium:

2NH3 + 2H2O ⇔ 2NH+
4 + 2OH− (1)

dissociation of Cd complex:

Cd(NH3)
2+
4 ⇔ Cd2+(aq) + 4NH3(aq) (2)

hydrolysis of thiourea:

S C(NH2)2 + 2OH−

→ S2−(aq) + H2NC N + 2H2O (3)

formation of CdS:

Cd2+(aq) + S2−(aq) → CdS(s) (4)

net reaction:

Cd(NH3)
2+
4 + S C(NH2)2

→ CdS(s) + H2NC N + 2NH+
4 + 2NH3 (5)

In this sequence, ammonia controls the concentrations
of both S2− (by providing OH− ions for the hydrolysis
of thiourea) and free Cd2+ ions (by providing NH3 for
complexation).

The formation of thin CdS films by CBD dates to
1961, when Mokrushin and Tkachev [84] added NaOH
to accelerate the decomposition of thiourea at room
temperature and deposited films on a variety of sub-
strates, including glass, porcelain, plexiglass and
quartz. The authors differentiated two types of film
growth and suggested that a primary compact and
mirrorlike layer was formed by small colloidal particles
(i.e., by cluster growth). A secondary layer of larger,
agglomerated particles was loosely attached to the first
layer.

Based on these observations and assumptions,
Kitaev et al. [85–91] gained the first key insights into
the mechanism of film formation. They established via
a radiochemical technique that colloidal Cd(OH)2 par-
ticles are able to adsorb and to decompose thiourea
molecules to initiate the formation of CdS [92, 93]. The
forming chalcogenide itself, like the hydroxide nuclei,
also catalyzes the thiourea decomposition. That is, the
process, once started, is autocatalytic, and a hydroxide
phase is only necessary for activation. Regarding the
catalytic process as a necessary first step to forming
CdS films, they used a simple thermodynamic equilib-
rium analysis to define conditions for forming the hy-
droxide. Assuming a starting solution with cadmium
concentration [Cd] = 10−3 M and a thiourea concen-
tration of 10−2 M (Fig. 1), cadmium hydroxide will
be stable at pH values above the “hydroxide line,”
whereas the complex ion Cd(NH3)

2+
4 will exist only

below the “complex line.” Therefore, to form Cd(OH)2,
it is necessary either to use an ammonia concentration



172 Niesen and De Guire

Fig. 1. Graphical solution of the thermodymic equilibrium analysis calculated for a cadmium salt concentration of 10−3 M. The calculation
includes the equilibra Cd(OH)2 = Cd2+ + 2OH− and Cd(NH3) 2+ = Cd2+ + 4NH3. Cadmium hydroxide will only be formed in region I
(inevitably) or II (by adding alkali). Adapted from ref. [86].

[NH3] <0.4 M (region I) or to add, e.g., 1–4 × 10−2 M
alkali (region II).

Later results of Pavaskar et al. [94] and Chopra et al.
[95] corroborate their analysis. Raising the temperature
to 80–90◦C under such conditions led likewise to ad-
herent films while clear solutions (i.e., containing no
Cd(OH)2 precipitates) yielded less adherent and pow-
dery films. The authors proposed that clear solutions
could undergo slow thermal hydrolysis of thiourea and
subsequent formation of powdery films of colloidal
CdS. In contrast, the proper solution chemistry seems
to lead to early Cd(OH)2 formation on the substrate,
leading to the formation of adherent films of predom-
inantly hexagonal CdS. Rieke and Bentjen [96] were
indeed able to show that adherent and specularly re-
flecting CdS films could only be formed in a pH range
[9.0 < pH < 10.4] for which a Cd(OH)2 film formed on
the substrate’s surface. Results on CdSe films showed
many similarities [97].

These later results strongly support an ion-by-ion
growth mechanism based on the surface-catalyzed
thiourea decomposition. Therefore, Lincot and Ortega-
Borges [98, 99] proposed the following reaction
steps:

1. Reversible adsorption of cadmium hydroxide
species:

Cd(NH3)
2+
4 + 2OH− + site

⇔ [Cd(OH)2]ads + 4NH3 (6)

2. Formation of a surface complex with thiourea:

[Cd(OH)2]ads + S C(NH2)2

→ [Cd(S C(NH2)2)(OH)2]∗ads (7)

3. Formation of CdS with site regeneration:

[(Cd(S C(NH2)2)(OH)2]∗ads

→ CdS(s) + H2NC N + 2H2O + site (8)

(Note that the net reaction of this sequence,

Cd(NH3)
2+
4 + S C(NH2)2 + 2OH−

→ CdS(s) + H2NC N + 2H2O + 4NH3 (9)

when combined with the ammonia-water equilibrium
(Eq. (1)), yields a net reaction that is identical to
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Fig. 2. Equivalent solution contour plot for pCd2+ = 9 at 50◦C (straight line) and its concentration dependent ratio [en]total/[Cd]total (dashed
line) compared to a constant ratio (doted line). Adapted from ref. [103].

Eq. (5)). In this mechanism, the rate-determining step is
reaction (8), the decomposition of the metastable com-
plex formed in reaction (7). Doña and Herrero [100,
101] proposed a slightly different intermediate species,
[Cd(OH)2(NH3)2]ads, taking into account the ten-
dency of transition metal ions to form mixed aqueous-
ammonia complexes and the higher [OH−]/[NH3] ratio
at the substrate surface compared to the solution.

Lincot and Ortega-Borges [98, 99] also investigated
the kinetics of deposition of CdS films. Under con-
ditions of [Cd2+] = 4–30 mM, [thiourea] = 28 mM,
[NH3] = 1.74 M, and T = 60◦C, compact, adherent
films grew up to 0.1–0.2 µm thick, consisting of well-
defined hexagonal crystallites, tens of nanometers in
size. Initially, the growth rate was low while the pH
rose and nucleation took place on the surface. Then
the growth rate increased to a constant value (e.g., to
300 nm/h for [Cd2+] = 4 mM and 900 nm/h for [Cd2+]
= 30 mM). Growth beyond this linear stage occurred
at a higher rate, as much smaller (3–6 nm) mixed hexa-
gonal/cubic crystallites deposited from the solution to
form a porous outer layer.

From the previous discussion it is obvious that the
predominance of the ion-by-ion growth mode is limi-
ted to certain bath compositions and is strongly de-
pendent on the elapsed deposition time. Gorer and
Hodes [102], using potassium nitrilotriacetate (NTA)

as a chelating agent during growth of CdSe films, no-
ticed a change in the deposition mechanism at a critical
value of [NTA]/[Cd2+]. O’Brien and McAleese [103]
expanded this concept towards an “equivalent solution
contour plot”, i.e., a plot of total ligand concentration
against total metal ion concentration at a constant value
of free metal ions (Fig. 2). Such plots are based on the
assumption that the concentration [Cd2+(aq)] of free
metal ions is more important than the concentrations
of complexed, precipitated, or total metal ions for main-
taining good quality film deposition. They take into ac-
count that much higher values of [en]/[Cd]tot are needed
to maintain an empirically determined [104], optimal
value of [Cd2+(aq)] at low [Cd]tot, due to the tendency
of complexes to dissociate on dilution. “Critical ra-
tios” of [en]/[Cd]tot could be defined for each value of
[Cd]tot or, as a limiting case, at high concentrations.
Below such a critical ratio Rc, Gorer and Hodes pos-
tulated that a hydroxide mechanism prevails: a visible
precipitate of Cd(OH)2 forms and is adsorbed on the
substrate, and subsequent growth occurs from diffusion
of colloidal particles (CdSe or Cd(OH)2) to the surface.
It was suggested that growth occurs from attachment
of single crystals or aggregates with surface energies
high enough to promote the adherence to the grow-
ing film. Above Rc, ion-by-ion growth was assumed.
The authors suggested that after a single molecule of
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CdSe is on the substrate, it might grow by additional
adsorption of Cd2+ and Se2− species to form larger
clusters (i.e., cluster formation on-site). This was re-
cently experimentally shown by Breen et al. [105] who
investigated CdS deposition on freshly cleaved mica
using atomic force microscopy. They detected the for-
mation of island-like CdS deposits in the first 3 min,
each deposit 0.4–0.6 nm in height and 10–40 nm across.
The islands (or clusters on-site) seem to grow out from
the substrate rather than along its surface, competing
with the formation of new islands on the mica sur-
face for Cd and S. In other words, no initial formation
of a featureless coating was observed during the early
growth stages of ion-by ion growth.

Although typical CBD processes for non-oxide
films use basic conditions, modestly acidic baths would
minimize the problem of bulk hydroxide formation.
Lokhande [106] was first able to form CdS films from
a thiosulfate-containing bath. In acidic medium, the
thiosulfate dissociates into hydrogen sulfite (HSO−

3 )
and sulfur, which is reduced by the thiosulfate itself to
sulfide ions. Recently, O’Brien and co-workers [107]
reported on the deposition of CdS thin films from
cadmium chloride, thioacetamide and urea. The thin
films are polycrystalline, constisting of large particles
(hexagonal CdS, ca. 300–500 nm in diameter) which
are composed of smaller grains, ca. 10–20 nm in dia-
meter. So far, no details about the mechanism of film
formation under acidic conditions were reported.

2.1.4. Conclusions: mechanism of film growth via
CBD. Two parameters seem to have major influence
on the deposition of thin films by CBD: 1) the choice of
complexant and its concentration (relative to the cation
concentration employed), by determining the free
metal cation concentration; and 2) the pH of the so-
lution, by offering the possibility of hydroxide forma-
tion and by its connection with the decomposition of
the chalcogenide source, either directly or indirectly.
Both parameters determine the available free [M] and
[chalcogenide] for the metal chalcogenide formation,
i.e., the degree to which the solubility limit is exceeded.

Kitaev’s assertion that the formation of Cd(OH)2 is
necessary to initiate the growth of high-quality CdS
film via CBD appears to be correct; the best films are
formed under conditions that thermodynamically fa-
vor the formation of Cd(OH)2. The critical issue is
where the Cd(OH)2 forms. Once the solid phase is nu-
cleated, the same solution conditions and fundamental
mechanisms that lead to ion-by-ion growth of a film can

also lead to the growth of primary colloidal particles in
the solution.

If Cd(OH)2 forms on the substrate, ion-by-ion
growth of CdS via a surface-catalyzed decomposition
of the chalcogenide-delivering species can occur. If
the concentration of complexants is sufficiently high to
suppress the bulk precipitation of the hydroxide, while
still permitting its formation on the substrate, growth
can occur solely via ion-by-ion growth. Such condi-
tions are desirable because they afford the greatest con-
trol over the growth process, but they are very difficult
to reach and maintain in a liquid solution. In gas-phase
deposition methods, in contrast, the substrate can be
heated (or a plasma can be located near the substrate),
which favors the occurrence of the reaction on the sub-
strate only. Furthermore, in CVD processes the reac-
tants flow continuously through the chamber, making
it easier to maintain concentrations at constant values.
These differences may promote atom-by-atom growth
in CVD, making it the prevalent process of growth for
high-quality CVD films. Conversely, modifying CBD
techniques so as to confine the reactions as much as
possible to the substrate and to flow the reactants past
the substrate (see § 3.3 and § 3.5.) may afford greater
control over the mode of growth of films in CBD.

Several authors noticed a highly oriented nature of
the films perpendicular to the substrate [101, 108, 109],
and if InP single crystals are used as substrates (and
[complexant]/[Cd] > Rc), epitaxial growth of hexa-
gonal CdS or cubic CdSe was possible [110–112].
Orientation of the films seems to be a distinctive
characteristic of ion-by-ion growth mode.

If Cd(OH)2 particles appear in the solution, nucle-
ation and growth of CdS particles in the bulk will com-
pete with any growth of solid at the surface. These
particles, if they are small enough, may form (or con-
tribute to the growth of) a dense film. However, the
window of time during which such growth can occur
is limited, because the same forces that cause particles
to attach to a growing film of the same solid will si-
multaneously cause them to tend to agglomerate with
each other. Such agglomerates can form powdery, non-
adherent films, or porous outer layers on dense films.

For compounds that can exist in more than one
crystalline form, the appearance of a particular poly-
morph does not permit unambiguous determination of
the mechanism of film growth. HRTEM investigations
of CdS films by Froment and Lincot [111] showed that
stacking faults are responsible for changes in growth
habit from hexagonal to cubic. The density of these
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defects is highly dependent upon the deposition condi-
tions, which could explain why different polymorphs
were reported in the literature. Gibson et al. [113] pos-
tulated a polytype CdS structure, consisting of nearly
random stacking sequences of the hexagonal planes
that form the basis for cubic and hexagonal modifi-
cation. Their Rietveld simulation showed all the main
features seen in many reported experimental patterns
even when no hexagonal- or cubic-like sequences ap-
pear in the model structure.

In conclusion, both mechanisms for film growth
(ion-by-ion growth, or particle attachment) can pro-
duce dense, adherent, mirror-like films. Because simi-
lar solution conditions permit either mechanism to take
place, they can occur simultaneously, or ion-by-ion
growth can be succeeded by particle attachment. Trans-
parency of the deposition medium does not rule out
the possibility of growth by particle attachment: clear
solutions may contain sub-visible particles (smaller
than the wavelength of light) that could participate
in film growth. According to Gorer and Hodes, the
two mechanisms yield characteristic crystal sizes: ap-
prox. 5 nm below Rc (attachment of particles) and ap-
prox. 16 nm above Rc (ion-by-ion growth). Compa-
rable results were reported by Lincot and co-workers
[108, 109].

Nair et al. [114] incorporated these considerations
into a simple mathematical model for predicting the
rate of chalcogenide film growth. The model is based on
the simplifying assumption that the decomposition of
the metal complex (e.g., Eq. (2)), rather than any of the
intermediate steps considered by Lincot and Ortega-
Borges [98, 99] or Doña and Herrero [100, 101] limits
the growth rate. Therefore, first-order reaction kinet-
ics are expected. Growth is assumed to occur in ion-
by-ion mode. Precipitation kinetics are included in the
model as a sink for reactants and not as a mode of
film growth. The model gives only qualitative agree-
ment with significant empirical observations. In par-
ticular, thin films are obtained from dilute solutions at
high temperatures (a thermally forced reaction, running
quickly to completion), while thicker films require con-
centrated solutions and lower temperatures. Kostoglou
et al. [115] derived a much more detailed mathematical
model based on the deposition mechanism proposed by
Doña and Herrero [100, 101], capable of quantitatively
explaining the experimentally observed behavior. For
example, the experimentally and theoretically derived
film growth rates with time at different temperatures are
in striking agreement. Therefore, this model offers for

the first time the potential to optimize the CBD process
without experimental work. While the complete model
is rather complicated and has to be numerically solved,
a simplified version was derived, which is in qualitative
agreement with the experimental results.

2.1.5. CBD of oxide films. In broad outline, the
four main reaction steps given in § 2.1.2 apply as well to
CBD of oxide films. In those cases where a complexing
agent is used, step 1 (the equilibrium between water and
the complexing agent) is the same for non-oxide and
oxide depositions, and the role of the ligand remains
one of slowing down the rate of solid formation. The
analogous process to step 3, hydrolysis of the chalco-
genide source, is essentially the dissociation reaction
of water. Step 2, the association/dissociation equilib-
rium of the solvated metal complex, can be thought of
as being replaced by a process in which the ligands of
the complex are displaced by hydroxyl groups to form a
solid hydroxide compound. Step 4, the formation of the
desired product, can come about via deprotonation of
the hydroxide compound to form the oxide. (In several
cases described below, the hydroxide was converted to
the oxide only after heating the as-deposited film at
150–400◦C.)

For a metal cation Mn+ complexed by i ligands Lk−,
these last three steps can be formulated as the following
reactions:

dissociation of water:

nH2O ⇔ nOH− + nH+ (10)

displacement of ligands:

nOH− + M(L)
(n−ik)+
i → M(OH)n(s) + i Lk− (11)

deprotonation to form oxide:

M(OH)n(s) → MOn/2(s) + n/2H2O (12)

net reaction:

M(L)
(n−ik)+
i + n/2H2O → MOn/2(s) + nH+ + iLk−

(13)

The hydrolytic process depicted by reactions (11)
and (12) is sometimes called “forced hydrolysis” [116].
It does not require addition of base, even though the
hydroxyl ion appears on the left side of (11). It can
be accelerated simply by heating the solution, which
induces deprotonation of the hydrated metal species.
(Not coincidentally, the effects of adding base or raising
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the temperature here parallel those described by Kitaev
for CdS formation, discussed in § 2.1.3.) Hydrolysis
can occur even in acidic solutions when the metal cation
is easily hydrolyzable, as with Fe3+, Ti4+, Zr4+, Al3+.

The similarities between Eqs. (5) or (9) and (13) are
clear: a solvated metal complex reacts with a chalco-
genide source to form a desired solid product. The main
difference is that, for the non-oxide films discussed so
far, the chalcogenide source is present in a dilute con-
centration (typically 0.01–0.1 M). This concentration
constitutes an additional parameter that, along with pH
and temperature, permits control to be exerted over the
rate of decomposition of the chalcogenide source. In
CBD of oxides, the “chalcogenide source” is water,
the medium of deposition. Thus tighter control would
have to be exerted over just two parameters (pH, T)
to achieve a similar degree of control over the rate of
hydrolysis (and, by implication, control over the film’s
microstructure and properties). (In some cases, as will
be explained below, a way around this limitation has
been the use of hydrogen peroxide or potassium persul-
fate as oxidizing agents, leading first to a film-forming
non-stochiometric superoxide).

Table 1 lists oxides that have been deposited in thin-
film form via CBD and summarizes the deposition
parameters, maximum thicknesses, and growth rates.
The first such report was in 1980 by Call et al. [12],
who inadvertently produced ZnO and CdO while at-
tempting to deposit mixed (Cd, Zn)S films via CBD.
They then optimized their conditions to obtain adher-
ent, single-phase, crystalline ZnO (hexagonal, partial
{100} orientation) and CdO (cubic, rocksalt structure)
films. For example, cadmium-containing films were de-
posited from a solution containing cyanide (as a com-
plexant) and hydrogen peroxide (as an oxidizing agent)
at 80◦C. They were transformed to cubic CdO (rock salt
structure) by heat treatment at 250–300◦C. Single im-
mersions gave films up to 200 nm thick; repetitions of
this process led to thicknesses greater than 1 µm. Later
Najdoski et al. [18] showed that Cd(O2)0.88(OH)0.24

films are formed initially in such cases. In contrast,
Ocampo et al. [19] formed first Cd(OH)2 films from
aqueous ammonia solutions at 50◦C, followed by sub-
sequent thermal annealing to CdO at 400◦C.

After the early work on ZnO films by Call et al. [12],
Varkey [16] and O’Brien et al. [14, 15] deposited ran-
domly oriented hexagonal ZnO films. O’Brien et al.
showed that simple thermodynamic calculations (us-
ing published solubility products and dissociation con-
stants) accurately predicted the ranges of pH and

ligand/metal ratio over which solid would form at 50◦C.
Obtaining adherent, uniform films required still nar-
rower ranges of these parameters. That is, thermo-
dynamics could predict precipitation, but was
insufficient to predict whether a film would form and,
if so, what its morphology would be.

The hexagonal ZnO films deposited by Ennaoui
et al. [17] exhibited preferred {002} orientation but also
contained Zn(OH)2 as revealed by XPS. Considering
the mechanism of deposition, they concluded that their
adherent, hard, and specularly reflecting ZnO films
grew heterogeneously via adsorption of zinc complexes
on the substrate followed by reaction to form the solid,
while thicker, powdery, and less adherent films formed
via sedimentation of particles formed in the solution.

The formation of other transition-metal oxide
films using CBD has been reported. Pramanik and
Bhattacharya [8] synthesized NiO films from a solu-
tion of nickel sulfate, potassium persulfate (oxidizer),
and ammonia (complexant) at room temperature. The
authors suggested that an intermediate nickel super-
oxide is formed that is subsequently reduced by am-
monia. Varkey and Fort formed NiO films from nickel
sulfate solution by forced hydrolysis [9]. The highest
growth rates reported so far for NiO film deposition
(680 nm h−1, Table 1) were recently reached by Pejova
et al. [10] using a solution of nickel nitrate and urea at
∼100◦C. The as-deposited nickel hydroxide films were
transformed to NiO by air annealing at 350–400◦C.
CoOOH (converted to Co3O4 on heating above 300◦C)
[7] and AgO [11] films have been prepared by oxidation
of the lower-valent metal ions during forced hydroly-
sis. Eze [6] synthesized hydrated CoO films from so-
lutions of CoCl2, NH3, and NaOH, which converted to
the crystalline oxide (CoO) on heating to 300–400◦C.
Nanocrystalline SnO2, and an amorphous yttrium basic
carbonate precursor to Y2O3, were deposited on oxi-
dized silicon substrates using forced hydrolysis; this
work is discussed in more detail in § 3.4.

Raviendra and co-workers synthesized undoped
and doped ZnO and In2O3, [13, 20] SnO2, [21] and
Cd2SnO4 [13] films as transparent semiconductors for
optical and electronic applications. They used chlorides
as metal sources, NH4F (which they called a “freezing
agent”) as a complexant, and AgNO3 as a “catalyst”.
The AgNO3 undoubtedly resulted in AgCl colloid for-
mation, though its occurrence and role were not dis-
cussed. Their films crystallized after post-deposition
heat treatments; no crystallinity of their films prior to
heat treatment was reported.
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Raviendra et al. described their process as “con-
trolled homogeneous precipitation” (note the probable
formation of AgCl colloids) and asserted that format-
ion of the solid only need occur near the substrate (not
necessarily in contact with it) to result in growth of
a film. The process was self-limiting, ceasing when
the product of ionic concentrations dropped below the
solubility product. They attributed this drop in concen-
tration to depletion of reactants at low pH, and to bulk
precipitation at high pH. Up to that point, their films
grew at constant rates of 20–80 nm min−1 (the higher
values occurring at higher pH) to thicknesses of 400–
800 nm (the higher values occurring at lower pH). This
phenomenon has since been observed by others (see ref.
[117, 118] for example). When the degree of supersatu-
ration is increased by changing (here, raising) the pH
(or, in the case of sulfides, raising the thiourea concen-
tration), the initial growth rate is raised, but the limit-
ing thickness is reduced. Solutions that are less heavily
supersaturated grow more slowly but ultimately pro-
vide thicker films—a “tortoise and hare” effect. These
observations are consistent with Nair’s model [114]
regarding the effects of metal concentrations and tem-
perature (see above). Overall, the growth rate is deter-
mined by supersaturation (temperature and pH), while
thickness is limited by the supply of reactants (starting
concentrations and—if ion-by-ion growth dominates—
avoidance of precipitation).

2.1.6. Applications. Among the first trial applica-
tions for CBD thin chalogenide films were PbSe photo-
conductive cells [119] in 1949 and PbS photodiodes
in the mid 1960’s [120, 121]. Although the promising
photosensitive properties of the films were recognized,
their implementation did not progress beyond labora-
tory devices.

Nair [122, 123] drew attention to the advantages of
chemically deposited thin films for use in solar cell ap-
plications. In a solar cell, charge carriers are optically
generated at a p-n junction. Heterojunction solar cells,
in which the junction is formed between two different
polycrystalline compound semiconductors, are poten-
tially much cheaper and more efficient than cells based
on single-crystal silicon [124, 125]. During the past
twenty years, two heterojunction systems with poten-
tial module efficiencies >10% have been intensively
investigated: cadmium telluride/cadmium sulfide (p-
CdTe/n-CdS) and copper indium diselenide/cadmium
sulfide (p-CuInSe2/n-CdS). In both cases, a thin CdS
layer fulfills the dual role of forming the heterojunc-

tion and of acting as a transparent window. CBD CdS
thin films are suffiently thin (50–100 nm) to allow the
required high transmission and sufficiently continuous
to avoid any short circuits. Today, both BP Solar and
Siemens Solar use CBD to produce the CdS compo-
nent of the Apollo series solar cells (CdTe/CdS) [126]
or the ST series thin film modules (CIS technology)
[127] respectively.

The necessary n-type conductivity can be achieved
in CBD CdS thin films either by thermal annealing
in air at 400–500◦C or by ion exchange reaction fol-
lowed by thermal annealing at 200◦C [128]. The ther-
mal treatment leads to the formation of a top CdO layer
which is highly n-type due to incomplete oxidation.
Ion-exchange leads to n-type or p-type conductivity,
by Hg+ or Cu+ exchange, respectively. For a CdS film,
electrical conductivity increased nine orders of magni-
tude under illumination to 10 �−1 cm−1, the highest
values of sensitivity and photoconductivity reported so
far for any physical or chemical deposition method. In
1991, Chu et al. [129, 130] first used CBD CdS thin
films 60–100 nm thick for the fabrication of n-CdS/p-
CdTe solar cells. Boron doping was used to reduce the
resistivity of the CdS film and an efficiency higher than
14.5% was reported.

In case of the CuInSe2-based cells, resistivity losses
are best minimized by use of an additional trans-
parent and current-collecting ZnO layer on top of
the CdS thin film [124]. Early devices achieved a
conversion efficiency of 11% [131]. A buffer layer
< 100 nm thick is used to maximize the optical trans-
mission. For this layer, CBD offers the advantage of
a shift of the absorption edge to shorter wavelength,
arising from quantum size effects in semiconductors
with particle sizes between 1 and 5 nm. Recently,
Cu(In, Ga)Se2/CBD-CdS/ZnO solar cells with an effi-
ciency up to 17% have been fabricated [132]. Other re-
search groups successfully replaced the toxic CdS by
CBD-grown Inx(OH, S)y , Zn(S, OH)x or Zn(Se, OH)x

[133–140].
The efficiency of CuInSe2/CdS thin film solar cells

in which both layers were produced by CBD was rela-
tively low (<3%) [141]. This was attributed to high
sheet resistance of the CdS layer, high carrier concen-
tration in the absorber layer and/or low grain size of
the CuInSe2 film.

Several groups have sought an explanation for
the high efficiency of CBD-based solar cells. The
main nitrogen impurity in as-deposited films is prob-
ably cyanamide (NCN2−), arising from thiourea
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decomposition (see Eq. (5)). Oxygen is incorporated
in the form of water, hydroxide or carbonate [96, 142–
145]. Weber et al. [146] detected up to 12 atom-% hy-
drogen in the films and assumed that additional hy-
drogen in form of HS− ions is abundant at the grain
boundaries. Nakada and Kunioka [147, 148] found that
Cd diffuses into Cu(In, Ga)Se2 during CBD of the CdS
overlayer and replaces Cu to a depth of ∼10 nm, lead-
ing to a buried np-junction at the interface. Kronik
et al. [149] have shown that the CdS buffer layer re-
stores interface surface charge on CIGS, due to cre-
ation of CdCu interface donors and possibly removal
of OSe interface acceptors. Similar interdiffusion pro-
cesses were reported for the CdS/CdTe interface [150,
151]. By secondary ion mass spectroscopy, Boyle et al.
[152] detected maxima in the 12C, 34S and 35Cl isotopic
profiles located at the CdS-CdTe interface after ther-
mal annealing and a high 16O concentration through-
out the cell structure. It appears that both impurities
and the excess Cd indeed play an important role in the
efficiency of the CBD-derived cells, but that proper-
ties deteriorate when impurity levels exceed an upper
limit [145].

Nair and co-workers demonstrated further prospec-
tive applications for CBD films related to solar energy.
Cux S thin films were used as solar control coatings
[153, 154], which allow a controlled amount of natu-
ral light to enter a building but which reject as much
infrared radiation as possible. Multiple films, e.g., SnS-
CuS, PbS-CuS and Bi2S3-CuS, were likewise proven
to be useful as solar absorber coatings [24]. Finally,
a metal sulfide thin film photography (MSTF) based
on photoaccelerated chemical deposition (PACD) was
tested. PACD takes advantage of a higher deposition
rate (due to an increase of the bath temperature by
photothermal conversion of incident radiation) and a
higher condensation rate (due to the presence of photo-
generated charge carriers). The resulting differences
in Bi2S3 film thickness led to tone variations of the
optical interference colors and resulted in photographic
imaging [155].

Oxide films deposited via CBD, while apparently
not having reached commercial application yet, have
been proposed for use in wavelength-selective (UV- or
IR-reflective, or antireflective) multilayer coatings on
glass for architectural applications [6, 9, 15], as insu-
lating or semiconducting layers in solar-cell structures
[9, 11, 17, 19], as transparent conductors [14, 15, 19],
as electrochromic thin films [9], and as low-emittance
coatings [16].

2.2. SILAR

2.2.1. Introductory remarks. The successive ionic-
layer absorption and reaction (SILAR) process was
developed for the deposition of sulfide thin films by
Nicolau [46] in the mid 80’s as a liquid-phase counter-
part of gas-phase atomic layer epitaxy. Independently,
Ristov et al. [29] reported a comparable technique for
the deposition of oxide thin films. The distinguishing
characteristic of SILAR techniques is the use of al-
ternating aqueous solutions (a metal salt solution, fol-
lowed by a hydrolyzing or sulfidizing solution). In prin-
ciple, this is intended to allow ion-by-ion growth of
the compound film via sequential addition of individ-
ual atomic layers. The advantages of automating this
process were recognized at an early stage: in his first
paper, Nicolau presented a computer-driven deposition
apparatus that consists of beakers for the solutions and
rinsing vessels lying in a circle [46, 156]. Early work
on SILAR was summarized by Tolstoi in 1993 [157].

The next section (§ 2.2.2) describes the formation of
sulfide thin films by SILAR, followed by a description
of the mechanism of film formation (§ 2.2.3). Then
oxide thin films deposited by the SILAR technique (§
2.2.4) and applications of SILAR films (§ 2.2.5) are
summarized.

2.2.2. SILAR of sulfide thin films. Strongly adher-
ent CdS, ZnS and Zn1−x Cdx S thin films were formed
on single crystal and polycrystalline substrates at room
temperature by Nicolau and co-workers [158]. The au-
thors used slightly acidic solutions of the uncomplexed
cation (from sulfate or chloride, 0.005–5 M) and al-
kaline sodium sulfide solutions (0.005–2.8 M), i.e.,
the film-forming species were present in much higher
concentration than in the CBD technique. Both solu-
tions were kept at ambient temperature but under in-
ert atmosphere to prevent oxidation of the sulfide. On
indium-tin oxide (ITO)-coated glass, polycrystalline
CdS (hexagonal) thin films were formed with mean
crystallite sizes of 30 nm (perpendicular to the film)
and 15 nm (parallel), and a strong 〈0001〉 orientation
(columnar structure). Likewise, polycrystalline cubic
ZnS thin films were grown with a mean crystallite size
of 6.5 nm (perpendicular to the substrate) and 4 nm
(parallel to the substrate) and a weak 〈111〉 orienta-
tion. Growth rates were about 1.3 Å per cycle, which
is typical for the SILAR technique. Lindroos et al.
[47, 159] deposited adherent ZnS thin films on various
polymer substrates. Films on poly(vinyl chloride) and
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polycarbonate were polycrystalline. In contrast, films
on polyester substrates were amorphous but showed
polycrystallinity when the film thickness exceeded
250 nm.

Zn1−x Cdx S thin films obtained using mixed Zn and
Cd salt solutions or sequentially applied single-cation
sources were true ZnS-CdS solid solutions [158, 160,
161]. Likewise, doping of ZnS thin films with Mn
was achieved either by separate immersions into a
manganese salt solution or by use of mixed salt so-
lutions [158, 162, 163]. Multilayers of ZnS and CdS
for potential application in light-emitting devices have
been grown on ITO-covered glass [48, 49]. The in-
dividual layers were up to 50 nm thick and no dif-
fusion of the cations from layer to layer could be
detected.

SILAR is even able to promote epitaxial growth at
room temperature, a fact that was related to the high
surface diffusion coefficients of the adsorbed ions and
the long surface diffusion time available to reach the lat-
tice kinks. On single-crystal InP and GaAs substrates,
(hetero) epitaxial hexagonal CdS and cubic ZnS thin
films were grown, up to 300 nm in thickness. To ob-
tain similar structures, gas-phase deposition processes
have to be operated at temperatures several hundreds
of degrees higher [158].

A combination of the CBD and SILAR techniques
involves the use of complexed ions as the cation pre-
cursor, a technique first used by Kanniainen et al. [50]
to deposit cubic PbS thin films. By island-like growth
[164, 165], crystallites grew to sizes up to 100 nm,
which corresponds to the thickness of the films and ex-
plains the reported high film roughness. Similar effects
were reported for ZnS film formation [55]. In contrast,
chelating ligands present during CdS film formation
led to reduced surface roughness [166]. Compared to
the conventional SILAR technique, increased growth
rates and a high degree of orientation of the films were
reported.

Recently, a variety of other thin films, including
CoS [51], Cux S [52], Ag2S [54], Sb2S3 [55, 56], and
Bi2Se3 [58], have been synthesized by Lokhande et al.
by the SILAR technique. Although rinsing steps were
included in the process, the reported growth rates of
12–55 nm/cycle exceeded by far the value of a mono-
layer/cycle, indicating that the film formation could not
have been related only to adsorbed ionic layers (see
§ 2.2.3–2.2.4 for the deposition mechanism). Indeed
others have reported reasonable lower values for CuS
(0.05–0.3 nm/cycle) or In2S3 (0.7 nm/cycle) [53, 57].

Fig. 3. Stern’s model of the electrical double layer in case of spe-
cific adsorbed cations. IHP = inner Helmholtz plane, OHP = outer
Helmholtz plane.

2.2.3. Deposition mechanism for SILAR sulfide thin
films. Consider the deposition of a CdS film by
SILAR, using alternating aqueous solutions of CdSO4

and H2S/NaOH. To exclude homogenous precipitation,
specific and strong adsorption of the desired ion on the
substrate (and later on the film) is required in each im-
mersion step, followed immediately by rinsing in high-
purity deionized water [46, 167]. When the substrate is
first immersed in the CdSO4 salt solution, specific ad-
sorption of the cations will occur if the solution’s pH is
above the substrate’s isoelectric point. Thus an electri-
cal double layer is formed at the solid-liquid interface
with Cd2+ in the inner Helmholtz plane and SO2−

4 in the
outer, both surrounded by the diffusion layer (Stern’s
model, Fig. 3). The substrate’s surface becomes satu-
rated with respect to Cd2+ after a certain time that has
to be determined experimentally (or calculated). In the
following rinsing step, time must be adjusted so that
the residual concentration of Cd in the diffusion layer,
[Cd2+

r ], is less than KCdS[H+]/Ka2[HS−] (where KCdS

is the solubility product of CdS and Ka2 is the second
ionization constant of H2S) to avoid the precipitation
of CdS nanocrystals in the diffusion layer in the subse-
quent immersion. In that immersion (H2S/NaOH), sul-
fide ions (or HS−) enter the outer Helmholtz plane and
sulfate ions diffuse back into the sulfide solution. CdS
is formed by reaction between the adsorbed cations (in
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the inner Helmholtz plane) and the sulfide ions (in the
outer Helmholtz plane) only, and a new electrical dou-
ble layer is formed by Na+, HS−, S2− and OH− ions.
By reasoning similar to that used for the first rinsing
step, the following rinsing step has to be suffiently long
to minimize the residual [HS−] concentration.

Klechkovskaya et al. [168] pointed out that, if epi-
taxy occurs between film and substrate, in wurtzite
structures, a layer-by-layer growth mode (or Frank-van
der Merwe growth) can be assumed. On the other hand,
the formation of polycrystalline films implied that the
deposition had originated with the formation of many
individual, unoriented, three-dimensional growth cen-
ters, followed by their coalescence to cover the whole
substrate, during which preferred orientation may arise
(Volmer-Weber growth).

In the mid 1990’s, Resch and co-workers [169]
started a series of ongoing investigations of the ZnS
SILAR process, using atomic force microscopy to de-
termine the growth mechanisms. An AFM liquid cell
was used as a flow-through reactor for in-situ mea-
surement of the deposition and results were com-
pared with conventionally grown films. In summary,
the growth mechanism seems to be strongly depen-
dent on the substrate used. On (atomically flat) mica,
three-dimensional island growth was observed from
the beginning of the experiment [170]. On glass, the
growth changed after five cycles from two-dimensional
to either purely three-dimensional growth or layer-
plus-island growth (Stranski-Krastanow growth) [170,
171]. On GaAs, ZnS thin films deposited first via three-
dimensional growth, but changed to two-dimensional
growth, giving flatter films than on mica or glass [172,
173]. On Si(100), the etching of the Si substrate in
the basic sulfide precursor solution disturbs the growth
process and only very thin and rough films could be
formed [174, 175].

The residual stress in SILAR-grown CdS and ZnS
films on GaAs was recently analyzed with laser inter-
ferometry [173, 176]. Tensile stress (1.4 × 109 (CdS)
and 6.9 × 108 N/m2 (ZnS)) dominated at low thick-
nesses (30–50 nm) which was related to film-substrate
interactions during the initially three-dimensional
growth. During further deposition via two-dimensional
growth (>60 nm), the surfaces of adjacent crystallites
came into contact, resulting in compressive stresses
(−2.5 × 109 (CdS) and −5.89 × 108 N/m2 (ZnS)).

2.2.4. SILAR of oxide thin films. Table 2 lists ox-
ides that have been deposited in thin-film form via

SILAR and summarizes the deposition parameters,
maximum thicknesses, and growth rates. Whereas sul-
fide thin films were usually deposited at room temper-
ature, Ristov et al. [29] had to use a heated hydroxide
solution (60–80◦C) and a cation solution at room tem-
perature (complexed by thiosulfate, which also works
as reductant for the Cu2+ ions) to deposit micron-thick
Cu2O thin films on glass. Likewise, hot water (95–
100◦C) was used as the hydrolyzing agent to deposit
polycrystalline (hexagonal) ZnO thin films onto glass,
quartz and mica substrates [32]. Here, the best film
quality was obtained from tetraaminezinc(II) complex
solutions, probably reflecting the ability of a complex-
ing agent to control the rate of hydrolysis as in CBD.
The films exhibited a strong orientation (c-axis per-
pendicular to the substrate). Doping was achieved by
adding a Sn2+ salt to the zinc deposition solution.

It should be pointed out that Ristov et al. did not
use any rinsing steps after dipping the substrate in the
cation and anion solutions respectively. Therefore, their
film formation involved (undesired) precipitation in the
diffusion layer and not simply adsorbed ions. Addition-
ally, precipitates may have been formed in the solutions
due to cross-contamination, as was recently shown by
Nair et al. [30], following Ristov’s original recipe for
Cu2O thin films. A growth rate of 10 nm/cycle was typ-
ical, slowing down after about 20 cycles. Mitra et al.
[35] showed that ZnO film growth rates without rinsing
steps are 7–25 nm per cycle and that film thicknesses of
more than 7 µm can be reached. (For c-oriented ZnO,
layer-by-layer growth would give a growth rate of c/2
per cycle, i.e., 0.3 nm/cycle.) If rinsing steps were in-
cluded, as done by Jiménez-González and Nair [33],
the growth rate was limited to approximately ∼2.5 nm
per cycle and film thicknesses reached only 20–110 nm
but better film quality was obtained.

Heat treatment modifies the crystal structure and the
properties of the as-deposited films. Crystalline defects
arising from the transformation of Zn(OH)2 films to
ZnO during heating to 450◦C were believed to cause
the increased conductivity (dark- and photo-) of the
films [34]. Doping of the ZnO thin films by Ni and Cu
was reported [40]. While Ni doping enhanced the c-
axis orientation of the films during heat treatment and
increased the electrical conductivity, Cu doping led to
randomization of the crystallites and reduced electrical
conductivity.

A significant limitation in SILAR deposition of ox-
ide thin films seems to be that upon repeated treatment
of the growing film, which is necessary for the synthesis
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of the next layer, the film is redissolved in the so-
lution of the metal salt. Therefore, Tolstoi suggested
the use of a metal salt in a lower oxidation state and
to oxidize the metal ions during film formation.
MnO2 was formed from Mn2+ and MnO−

4 solutions
[26], while FeOOH, Tl2O3 and SnO2 were formed by
oxidation with hydrogen peroxide of Fe2+, Tl+ or Sn2+

respectively [27, 41, 42]. In other cases, when only
one stable metal ion oxidation state exists, metal per-
oxide layers were formed by hydrogen peroxide treat-
ment, including ZnO2−x [38, 39], CeO2+x [44], NiO1−x

[28], copper peroxide [31], and Y, La and Eu hydroper-
oxide [45]. CuO2/BaO2 [177] and CeO2+x /LaO1.5+x

[178] mixed nanolayers were grown by sequential ex-
change of the cation solutions. A third approach was
used to synthesize binary peroxides (e.g., LaNbOx ):
Here, nanolayers were formed by interaction of a sol-
uble metal peroxicomplex with the second metal ion
[43]. In contrast to the work mentioned above, film
formation was always done at room temperature and
rinsing steps were included. In most cases, the as-
deposited peroxide or hydrated oxide films could be
transformed to the corresponding oxide films by heat
treatment.

2.2.5. Applications. In contrast to CBD, none of the
SILAR-grown thin films has reached commercial ap-
plication yet. Recently, the use of ZnO thin films as gas
sensors was demonstrated [36, 37]. Further potential
applications include use of SILAR-grown films in op-
toelectronic or electroluminescent displays [32, 162],
in light-emitting devices [48, 49], in heterojunction so-
lar cells [34, 158] or in field-effect transistors [158].

2.3. Liquid-Phase Deposition (LPD)

2.3.1. Introductory remarks. The term “liquid
phase deposition” refers to the formation of oxide thin
films from an aqueous solution of a metal-fluoro com-
plex [MFn]m−n which is slowly hydrolyzed by adding
water, boric acid (H3BO3) or aluminum metal. While
the addition of water directly forces precipitation of
the oxide, boric acid and aluminum act as fluoride
scavengers, which destabilizes the fluoro complex and
forces the oxide precipitation. In the case of water and
boric acid, the addition is done either all at once [179–
182], or dropwise [183–188]. The aluminum, as a solid
reacting much more slowly than a solvated species,
will lead to similar results as the dropwise addition.
Compared to the formation of oxide films by CBD,

this step allows much better control of the hydrolysis
reaction and of the solution’s supersaturation. Addi-
tionally, film formation is done from strongly acidic
solutions in contrast to the usually basic or slightly
acidic CBD baths. These justify the use of a new term
despite obvious similarities to the CBD technique.

Unlike CBD and SILAR, LPD was developed orig-
inally (and is still used exclusively) as a route to oxide
films. It was first reported as a new process for silica
coatings [179], for which LPD is still most widely used.
The next section (§ 2.3.2) describes the general mecha-
nisms of the LPD technique, followed by a review of the
deposition of silica (§ 2.3.3) and other oxides (§ 2.3.4).
Finally, § 2.3.5 discusses applications of LPD-grown
films.

2.3.2. General description. Simplified, the LPD
technique is based on the overall equilibrium reaction

H(n−m)MFn + m/2 H2O ⇔ MOm/2 + nHF (14)

where m is the charge of the metal cation. According
to this reaction, the equilibrium will be shifted towards
the oxide if the concentration of water is increased or
if the hydrogen fluoride concentration is decreased via
addition of fluorine scavengers such as boric acid [179]
or aluminum metal [189]:

H3BO3 + 4HF ⇔ BF−
4 + H3O+ + 2H2O (15)

Al + 6HF ⇔ H3AlF6 + 1.5H2 (16)

Of these three techniques, the addition of boric acid
(usually 0.1 M) is the most common. Boric acid func-
tions not only as a fluorine scavenger, but it also shifts
reaction (14) to the right by producing water. In this
simplified description, homogeneous nucleation and
colloid formation occur if the oxide’s solubility limit
is reached, and thin films are formed via attraction and
attachment of colloidal particles.

Certain characteristics of films deposited by LPD
cannot be explained by reactions (14)–(16). For ex-
ample, the films contain a uniformly distributed fluo-
rine content (typically ∼5 atom%), which is usually
attributed to the incorporation of intermediate com-
plexes containing metal and fluorine into the growing
film. Secondly, the films form preferentially on SiO2-
covered substrates [179, 184, 185], which suggests that
hydroxyl groups (which typically terminate a silicate
surface in water-containing environments) are neces-
sary on the substrate for deposition to occur. Models for
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the deposition of silica films will be explained in more
detail below. Aspects of these models hold for films of
other oxides also. However, none of these models has
yet been confirmed by experiment.

In the archetypical LPD process, hydrofluorosilicic
acid (H2SiF6) is hydrolyzed to form silica (SiO2). Lee
and co-workers [181, 182, 190] proposed that inter-
mediate, partially hydrolyzed species (SiFn(OH)4−n

with n < 4) form by the reaction:

H2SiF6+(4−n) H2O ⇔ SiFn(OH)4−n + (6−n) HF

(17)

These intermediate species would react with the surface
(either -OH or -F groups, depending on the overall HF
concentration) and form the film. Homma et al. [184,
185] also proposed that the hydrofluorosilicic acid is
partially hydrolyzed, but that fluorine-containing silox-
ane oligomers are formed. These oligomers could be
adsorbed onto the substrate surface where catalytic de-
hydration (and bonding) between the oligomers and
the surface-bound hydroxyl groups occurs (catalyzed
by the fluorine).

Yeh et al. [183] proposed that silica is dissolved be-
yond its solubility limit in the form of [SiF6·SiF4]2−.
Adding water, a nucleophile, attacks the bridging flu-
orines in this complex, leading to the formation of
SiF4(OH)2−

2 and eventually (after protonation in the
acidic solution) SiF4. Finally hydrolysis should form a
silicic monomer Si(OH)4 that spontaneously starts to
polymerize. Since the concentration of this polysilicic
acid remains low, network formation inside the solu-
tion is prevented and the polymer is instead adsorbed
on the surface, followed by the Si O Si bond forma-
tion. The as-deposited oxide might be still attacked by
HF, explaining the fluorine content in the films.

2.3.3. LPD of silica thin films. LPD-SiO2 was de-
posited on SiO2 substrates (glass, CVD grown films,
native oxide on silicon), but no deposition occurred on
photoresists, teflon or tungsten [184], and Si3N4 [191].
Substrate treatment prior to deposition to increase the
amount of surface OH groups seems to be an impor-
tant step in the LPD process. Lee et al. [182, 190]
pointed out that deposition on an HF-pretreated sili-
con wafer is only possible below a critical HF concen-
tration in the deposition solution. This allows reaction
between surface Si-H and water to form surface Si-OH
(and probably Si-F by subsequent reaction with HF).
Likewise, film deposition was only successful on the

semiconductors GaAs and HgCdTe if the substrate sur-
faces were wet-chemically treated prior to deposition
to enrich them with surface OH groups [192–194].

Transmission electron micrographs indicated that
the films are completely amorphous [180]. Atomic
force microscopic studies revealed a surface roughness
below 0.5 nm [195]. The growth rate is typically linear
with time (0–6 h) or temperature (30–50◦C) and in the
range of 10–340 nm/h (Table 3). However, evaporation
at higher temperature leads to significant concentra-
tion changes in the solution and undesired formation
of SiO2 precipitate.

To set up the deposition solution, usually a suspen-
sion of industrial grade hydrofluorosilicic acid and a
silica source (silica, silica gel, silicic acid) is stirred at
23–35◦C for several hours, whereby free hydrofluoric
acid reacts with the silica source and a saturated solu-
tion is formed. Chang et al. [59] differentiated between
two experimental routes: adding water after filtering of
the silica source to reach a supersaturated H2SiF6 solu-
tion (1.5–3.8 M) (route I) [180–183, 191, 195–198]; or
diluting the hydrofluorosilicic acid before adding the
silica source (route II) [179, 184–188, 199]. In the latter
route, the added silica could nucleate the precipitation,
depleting the growth solution of SiO2. Note that after
filtering off the silica source, deposition occurred even
without adding boric acid or water [181, 182]. That the
deposition rate is indeed higher for solutions prepared
by route I was experimentally shown by Chou and Lee
[182].

Yeh and co-workers [196, 200] were able to con-
trol the fluorine content of the as-deposited films by
adding different amounts of water to the (boric acid-
free) deposition solution. By increasing the amount of
water, the fluorine content linearly decreased from 6.25
to 1.86 atom-%, due to the resulting reduced (thus, less
aggressive) HF concentration. They reported that ther-
mal annealing of the as-deposited films for one hour
under nitrogen at T ≥ 700◦C resulted in densification
and total fluorine loss, and that LPD oxide annealed at
1000◦C became similar to thermal SiO2. In contrast,
Homma and Murao [185] detected an average concen-
tration of 3.5 atom-% fluorine after annealing at 900◦C
for the same duration. Chou and Lee [201] pointed
out that the fluorine impurity in the as-deposited silica
films leads to degradation of the properties during heat
treatment at 400–600◦C, because undesired dangling
bonds remain in the silica network upon removal of the
fluorine. However, thermal annealing of an LPD sil-
ica film previously covered by an aluminum film (i.e.,
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Table 3. Silica thin films deposited via liquid phase deposition (LPD).

Dep. temp. Growth rate Max. thickness
Substrate SiO2 source Routea Additive (◦C) pH (nm h−1) (nm) Reference

Glass Silica gel II H3BO3 30–40 Acidic 8–24 93 [179]

Si Silica gel II H3BO3 35 Acidic 25–50 235 [199]

CVD-SiO2 Silica II H3BO3
b 35 Acidic 20 800 [184, 185]

SiO2/Si Silica II H3BO3
b 20–60 Acidic 10–170 ∼500 [186–188]

Si, SiO2/Si Silica I H2Ob 15–40 Acidic 5–110 170 [183, 196, 197]

Si, SiO2/Si Silicic acid I+II (H3BO3) 30–50 Acidic 50–250 200 [181, 182]

GaAs Silicic acid I H3BO3 30–40 Acidic 0–130 n.r. [193, 194]

HgCdTe Silicic acid II H3BO3
b 30–45 Acidic 170 n.r. [192]

SiO2/Si Silicic acid I H3BO3 50 Acidic 55–340 n.r. [59]

SiO2/Si Silicic acid I H3BO3 27–40 Acidic 67–140 155 [180]

SiO2/Si Silica gel I H3BO3 40 Acidic ∼60 ∼180 [191, 198]

InP Silicic acid II H3BOb
3 or H2Ob 40 Acidic 45–105 107 [303]

SiO2/Si, glass Silica gel II Al 30–35 Acidic 80 240 [189]

Spin-on-glass (H2SiF6) – Al 23 Acidic 42–50 1157 [213]

SiO2/Si Silica gel TD-LPD – 35–60 Acidic n.r. 1000 [206]

Si, SiO2/Si Silica TD-LPD – 35 Acidic 15–130 240 [195]

SiO2/Si Silica TD-LPD – 15–40 Acidic 2–120 400 [207]

SiO2/Si Silica gel I H3BO3, NH4OHc 40 Acidic 52–160 200 [304]

aSee text for description.
bAdded stepwise.
cSiON thin film formation.

the conductor) improved the materials’ properties. The
authors suggested that the aluminum reacts with resid-
ual water in the silica thin film, forming alumina (that
will become part of the gate insulator) and hydrogen:

2Al + 3H2O ⇔ Al2O3 + 3H2 (18)

The hydrogen could then diffuse to the SiO2/Si inter-
face and passivate any dangling bonds generated during
the annealing.

Likewise, thermal oxidation in dry oxygen at 900◦C
was applied to LPD silica films to passivate the de-
fects and vacancies introduced during annealing [202,
203]. Plasma treatment [204] including H2 or O2 and
CO2 laser annealing [205] have also been shown to be
effective.

A more recent approach in SiO2-LPD is to control
the degree of supersaturation of the deposition solu-
tion by altering the difference between the solution
preparation temperature and the deposition tempera-
ture, instead of adding supersaturation initiators or flu-
oride scavangers (temperature-difference based LPD).

Kawahara et al. [206] prepared the solution at−3◦C and
warmed it up to 35–60◦C. This formed silica films 0.1–
1 µm thick in a single dip and over 10 µm thick by re-
peated depositions with fresh solutions. Chanthamaly
et al. [195] and Yeh et al. [207] prepared their depo-
sition solution at 2–3◦C or 0◦C respectively, leading
likewise to high growth rates at the deposition temper-
ature (15–40◦C). The authors suggested that the HF
molecules are ionized at low temperature, leading to a
less reactive solution that becomes supersaturated upon
warming. The fluorine concentration in such films, typ-
ically ∼7–9 atom-%, is higher than in films prepared
by conventional LPD.

2.3.4. LPD of other oxide thin films. The LPD tech-
nique is in principle suitable for the deposition of other
oxides of metals that form stable fluoride complexes.
This was first shown in 1996 independently for tita-
nia and zirconia thin films by Deki et al. [60] and
Yao et al. [67], respectively. Table 4 lists the oxides
that have been deposited by LPD and summarizes the
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deposition parameters, the growth rates and maximum
achieved film thicknesses.

Deki and co-workers [60] deposited titania thin films
from an aqueous ammonium hexafluorotitanate solu-
tion by the addition of boric acid. As-deposited films
consisted of nanocrystalline anatase embedded in an
amorphous, flourine- and nitrogen-containing phase.
Growth rates were monitored with a quartz crystal mi-
crobalance to be between 12 and 20 nm/h, which is
lower than what is usually reported for LPD silica films
(Table 2) [61]. Annealing at 600◦C in air led to fully
nanocrystalline anatase thin films with an average crys-
tallite size of ca. 120 nm. (If the deposition solution
was made by saturating a hexafluorotitanic acid so-
lution with titania oxide powder at room temperature
(i.e., similar to LPD-SiO2), the released hydrofluoric
acid reacted with the silicon substrate, leading to films
containing SiO2 and TiO2 [66].)

The same group [68, 69] formed vanadium-
containing films by dissolving vanadia in hydrofluoric
acid and using aluminum metal as fluorine scavenger.
However, the aluminum also reduced the vanadium
ions from pentavalent to tetravalent. The as-deposited
films consisted of amorphous vanadium (IV) oxide.
Subsequent annealing in air at 400◦C led to crystal-
lization and oxidation to V2O5, whereas annealing un-
der inert atmosphere at 400◦C transformed the films to
monoclinic VO2 with partial [001] orientation.

Iron oxyhydroxide (β-FeO(OH)) thin films were
deposited from a solution of iron oxyhydroxide in
NH4F·HF [70]. The films were polycrystalline, and
their orientations were either random or with [211]
perpendicular to the substrate, depending on the boric
acid concentration used. After air annealing at 600◦C,
α-Fe2O3 with partial [110] orientation was detected. If
nickel nitrate was added to the growth solution, nickel
was incorporated in the film [62], and the annealed
films showed diffraction peaks (though weak) of nickel
ferrite.

Yao et al. [67, 72] formed ZrO2 thin films from
sodium hexafluorozirconate (or a solution of zirconia
in hydrofluoric acid) by adding boric acid. Likewise,
the same authors deposited LnMO3 (Ln = La, Nd; M =
Cr, Mn, Fe, Co) from a solution of the corresponding
perovskite in hydrofluoric acid [71, 72]. In all cases,
XRD patterns of the as-deposited films indicated the
formation of crystalline phases and SEM micrographs
showed connected aggregates with an individual size
up to several microns. No more details on the film mor-
phology were reported.

Experiments have been expanded to solutions in
which the metal ions are only partially complexed by
fluorine (in which cases the similarities to CBD are
more obvious). Tsukuma et al. [73] formed tin(IV)
oxide thin films from a solution of SnF2 in water. After
subsequent annealing in air at 300◦C, pure SnO2 (ru-
tile structure) was observed. Titania thin films have
been deposited using a supersaturated aqueous solu-
tion of titanium tetrafluoride [64]. Film formation was
related to suppressed hydrolysis by the stability of Ti F
bonds, leading to heterogeneous nucleation on the sub-
strate. In contrast to Deki’s earlier results [60], the as-
deposited films were essentially nanocrystalline (∼20
nm anatase) with a preferred (001) orientation. The au-
thors suggested that an optimal fluorine content (here
∼7 mol-%) promotes the crystallinity of the films (via
moderate polymerization) while more or less fluorine
inhibits the formation of an ordered structure.

2.3.5. Applications. While applications of non-
silicate oxides deposited via LPD have only been
suggested, LPD-grown silica has been widely tested
for application in integrated circuit processing and
metal-oxide-semiconductor (MOS) technology. Con-
ventional gas-phase deposition techniques have sev-
eral shortcomings that explain the interest in a new
deposition technique: Large area applications are
limited by the necessity of vacuum equipment. The
low temperatures of the LPD process reduce the prob-
lems of diffusion and dopant redistribution that occur in
higher-temperature processes, allowing the use of sub-
strates that are less thermally stable (e.g., soda lime sili-
cate glass). Incorporation of small amounts of fluorine,
which occurs intrinsically in LPD, has been suggested
to improve the electric characteristics of ultrathin silica
films. Because of the fluorine incorporation, the tensile
stress of as-deposited films was found to be low (20–
83 MPa) [185, 197], another advantage for integrated
circuit technology.

Additional advantages arise from the selectivity of
the process. Because LPD silica selectively deposits on
SiO2, but not on photoresists, Horiuchi et al. [208] were
able to simplify the number of masking sequences in the
complementary metal-oxide-semiconductor (CMOS)
process from 13 to 7. Yeh and co-workers [209] pointed
out recently the promising results of manufacturing
contact holes by selective LPD instead of applying re-
active ion etching, which usually causes plasma dam-
age defects. Homma et al. [184, 185] showed that
the selectivity is useful to planarize trenches between
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tungsten wires previously grown via CVD. This en-
abled them to achieve fully planarized multilevel
interconnections, an essential step in the fabrication
of high density ultralarge scale integrated devices. To
reduce the cost of liquid crystal displays (LCDs) with
high resolution and high pixel density, Yeh et al. [187,
188, 210, 211] and Chou et al. [201, 212] successfully
applied LPD silica to the fabrication of polysilicon thin
film transistors.

Fluorinated silicon oxide is also a highly attrac-
tive layer material for manufacturing optical waveguide
structures, due to its lower refractive index compared to
silica. The optical properties of LPD-“SiOF” and spin-
on-glass layers in such structures have recently been
tested [213]. The experimentally found low transmis-
sion loss, the low deviation of the refractive index with
film thickness (<0.35%), and the low water content
(1.8 wt-%) would be suitable for the application of
LPD-“SiOF” films in optical waveguide structures.

Further application for LPD silica thin films is found
in MOS solar cells. Here, very thin layers (<2 nm) are
desired to enable sufficient tunneling current through
the insulator. While this is in general difficult to
achieve, Lee and Hwu [214, 215] described a solar
cell with 18.9% efficiency that contained a silica film
∼5 nm thick grown via LPD on unoxidized silicon.
Without the native oxide present, the initially deposited
silica seems to seed further growth, leading to bound-
ary formation between silica domains. These provide
a path for trap-assisted tunneling currents that are suf-
ficiently high for solar cell applications.

2.4. Electroless Deposition (ED)

2.4.1. General description. The technique of elec-
troless deposition (ED) of ceramic thin films evolved
from electroless plating of metal thin films. The lat-
ter technique was first reported in 1946 and has been
in continuous use and development since then [216].
Both processes (like all those reviewed here, and in con-
trast to the older technique of electroplating of metal
films) produce films without use of a counterelectrode
nor connections to an external electrical power source.
Several processes that fit this description and that pro-
duce non-metallic films have been called “electroless
deposition” in the literature. However, three additional
characteristics distinguish electroless plating:
1) a change in the oxidation state of the metal cation

(dissolved in aqueous solution) to an insoluble state

(which in electroless plating is the neutral metallic
state);

2) the participation of the deposition surface (the sub-
strate and, later, the film) in the redox process, usu-
ally as a path for transfer of electrons from the site
of an oxidation to the site of a reduction;

3) the need for catalysis to initiate and sustain the pro-
cess.

To maintain consistency in terminology, the term “elec-
troless deposition” will be applied here only to deposi-
tions which demonstrably or apparently exhibit these
three characteristics.

A discussion of the role of catalysis in electroless
plating of metals may serve to clarify the distinctions
between ED and the other techniques discussed in this
paper. In its original form, electroless plating produced
metal films on substrates that were themselves not only
metallic but catalytic to the deposition process (e.g.,
steel, palladium, nickel, cobalt, or rhodium). Metals
such as copper or brass that are not catalytic but are also
not poisonous to catalysis can be “activated” for sub-
sequent electroless plating by immersion in an aque-
ous solution of PdCl2 and HCl. If the coating itself
exhibits adequate electrical conductivity, the substrate
can be an electrical insulator; such substrates can be
made catalytic by nucleation in a colloidal palladium
suspension, or by a 2-step process of sequential im-
mersion in an aqueous SnCl2/HCl “sensitizer” and a
PdCl2/HCl activator. Once the deposition is initiated,
the metal film itself must catalyze any further growth
(“autocatalytic electroless deposition”).

In most other respects ED resembles CBD, partic-
ularly in the use of specific oxidizing or hydrolyzing
agents to drive the formation of the desired solid phase.
Particle sizes of 20–200 nm appear to be typical for this
technique, and the films are mostly unoriented. Other
results from the literature on ED of oxide films are
summarized in Table 5.

2.4.2. ED of oxide thin films. Mindt [74, 79]
pointed out in 1971 that electrochemical reactions to
form solid oxide films from liquid electrolytic solu-
tions could be caused to occur without the application
of electrical current if a suitable oxidizing agent was
present in the solution. The reactions that he studied
in particular involved an increase in the oxidation state
of the metal at room temperature: Pb(II)aq to Pb(IV)
oxide; Tl(I)aq to Tl(III) oxide; and Mn(II)aq to Mn(IV)
oxide. The corresponding reduction was of aqueous
peroxydisulfate (persulfate), S2O2−

8 , to sulfate, SO2−
4 .
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Table 5. Oxide thin films deposited via electroless deposition (ED).

System Temperature (◦C)

Oxide Substrate Deposition As-deposited Annealing pH
Growth rate
(nm h−1)

Max.
thickness
(nm) Reference

MnO2 Glass 25 Amorphous None 5–8 n.r. 500 [74]

La1−x MnO3 YSZa 25 Amorphous 800 4–6 40 1,000 [75]

ZnO Glass 50 Polycrystalline None 6.2 100–610 2,000 [76, 77]

In2O3 Glass 60 In(OH)3 200–300 3 130–700 1,000 [78]

Tl2O3 Glass 25 Polycrystalline None 8 n.r. 10,000 [74]

α-PbO2 Glass, SiO2 glass, 25 Polycrystalline None 5–10 10–4,560 1,000 [79]
ceramics, Ta2O5

aYSZ: yttria stabilized zirconia.

Ammonium acetate was used as the supporting elec-
trolyte. As a catalyst for these reactions, AgNO3 was
added to the bath. (Raviendra and Sharma [21] cred-
ited the addition of Ag+ with improving the adherency
of the films.) Mindt emphasized the importance of the
deposited film being electrically conductive; otherwise,
both the anodic and cathodic reactions must occur at the
same place to enable the necessary transfer of electrons.
His films exhibited values of electrical conductivity of
33–500 �−1 cm−1 for PbO2 (deposited at pH 10 and 7,
respectively), 2000 �−1 cm−1 for Tl2O3, and 5 × 10−5

−2.5×10−3 �−1 cm−1 for MnO2 (deposited at pH 6.3
and 8, respectively). These values were high enough
that insulating substrates (glass slides) could be coated.
(The intended application was electrodes for metal ox-
ide capacitors.) The resulting films of PbO2 and Tl2O3

consisted of the stable crystalline forms, whereas the
MnO2 films exhibited no x-ray diffraction peaks.

Mindt’s work with Mn oxides provided a starting
point over twenty-five years later for Sasaki et al. [75],
who used ED to deposit a precursor to LaMnO3 on
yttria-stabilized zirconia disks at room temperature.
This manganite is used as the air electrode in high-
temperature solid oxide fuel cells. They used the 2-step
sensitizer-plus-activator pretreatment of the substrate
described above. To the source solution they added
sodium acetate as a supporting electrolyte, and silver
nitrate as a catalyst for the oxidation by ammonium
persulfate of Mn(II) in solution to Mn(IV) in the film.
Though the starting La/Mn ratio in the solutions ranged
from 10 to 1000, the ratio in the deposited film was
far less than 1 unless sodium acetate and silver ni-
trate were used. The amorphous deposit converted to a
1-µm-thick film of the desired crystalline manganite,
with grain size of 0.2–0.5 µm, on heat treatment in air

at 800◦C. This is 400◦C lower than the usual ceramic
preparation technique.

Izaki’s work on ZnO [76, 77] and In2O3 films [78]
bears several superficial resemblances to ED as it is
defined here. He used the two-step pretreatment of the
substrate described above. Gas evolution was observed
at his substrates during deposition, as in electroless
metal plating, where hydrogen gas is always evolved.
The nitrate counteranion from his metal salts effec-
tively served as the oxidizing agent, when triggered by
addition of an organic aminoborane (di- or trimethyl
aminoborane), which are common reducing agents in
electroless metal plating. Still, no change in the oxida-
tion state of the cations was observed during deposition,
and it is doubtful that the films exhibited significant
electrical conductivity at the temperature of deposition
(50–60◦C). Therefore, the deposition was probably ac-
tually more like CBD. ZnO was crystalline (wurtzite
structure) as deposited, while cubic In2O3 films were
obtained after heat treatment of as-deposited crystalline
In(OH)3 films. The envisioned applications included
liquid crystal displays and photovoltaic devices.

Some of the CBD studies by Varkey and Fort
(Table 1) involve an oxidation of the metal (Ag(I) to
Ag(II) oxide [11]; Co(II) to cobalt (III) oxyhydroxide
[7]). These oxidations, however, took place in the bulk
solution rather than at the substrate. Further, no catalyst
was used. Therefore, this work is regarded here as CBD.

3. Variations on the Main Techniques

3.1. Photochemical Deposition (PCD)

If sulfide thin films are formed by chemical bath depo-
sition, the process, once started, is difficult to control
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because the sulfur-providing reaction proceeds autocat-
alytically. In contrast, a photochemical reaction to pro-
vide the sulfide would be more controllable and would
allow selective deposition via application and control
of an external light source. Using this idea, Goto et al.
[217–220] recently developed a photochemical deposi-
tion (PSD) technique. Micron-thick CdS and ZnS thin
films were formed from acidic salt solutions on glass,
quartz and silicon wafers at 20–35◦C in the presence
of thiosulfate. The as-deposited CdS thin films were
found to be mainly polycrystalline and cubic. The ZnS
thin films, in contrast, were amorphous and contained
elemental Zn due to reduction of the metal ions by
thiosulfate.

In contrast to conventional CBD, these depositions
were carried out under acidic conditions: When the pH
is too low for spontaneous formation of CdS and too
high for precipitation of colloidal sulfur (pH = 3–8),
illumination (λ = 254 nm) can be used to initiate and
sustain (i.e., control) the formation of CdS. Photoacti-
vated redox reactions for sulfide formation were sug-
gested to be dominant.

To avoid nucleation in the solution, as pointed out
by Goto et al., the substrate had to be placed suffi-
ciently near to the light source. If the distance exceeded
∼10 mm, the UV light was absorbed by the solution,
and the spontaneously formed CdS diffused away with-
out film formation. This also explains why only illumi-
nated regions of the substrate were coated, which offers
the possibility of optically patterning (or, by rastering
a laser, “writing”) the film, with or without the use of
photoresist.

In photo-assisted CBD of CdSe films from conven-
tional basic solution, Nemec et al. [221] controlled the
nanocrystal radii between 1.9 and 10 nm by selecting
a proper light intensity and/or wavelength during de-
position. The authors suggested that the illumination
caused electron-hole pair formation on each crystal-
lite, which modified the chemical equilibria compared
to conventional CBD.

Photochemistry has also been applied to modify
the LPD process [222]. A standard LPD solution was
prepared from hydrofluorosilicic acid, silicic acid and
boric acid. At constant boric acid concentration, the
deposition rate increased linearly with increasing light
intensity. This effect was more obvious at high boric
acid concentration. However, the reported maximum
deposition rate (75 nm/h) is in the limit of the standard
LPD technique (see Table 3) and no patterning capa-
bility is connected with this photochemical process.

The mechanisms behind this process remain unclear.
The authors attributed the higher deposition rate to UV-
absorption by SiF2−

6 , leading to higher concentrations
of intermediate species (see Eq. (13)), for example.

3.2. Applying External Forces or Fields

As discussed in § 2.1, the formation of precipitates
in the deposition solution is a significant drawback in
chemical bath deposition if it leads to porous, loosely
attached films. Recently, Choi et al. [223] reported
that ultrasonic agitation suppressed the agglomera-
tion of formed colloidal particles. Therefore, compact
and smooth thin films were formed without suppress-
ing the homogeneous nucleation, i.e., from solutions
that would otherwise be considered non-optimal. Films
thicker than 150 nm were not obtained, regardless of
the Cd concentration, but the deposition rate increased
without losing film quality. The average size of the CdS
grains decreased from 12–15 nm to 2–5 nm, which was
attributed either to the local high pressure caused by
ultrasonication or to a promotion of the nucleation.
It might not, however, be necessary to invoke such
additional effects: even without ultrasonic agitation,
films formed from colloidal particles usually consist
of smaller grains than films formed by heterogeneous
nucleation (§ 2.1.4). Therefore, simple colloidal growth
might be operative here as well.

Vásquez-Luna et al. [224–227] recently investigated
the influence of applying magnetic or electric fields on
the CBD of CdS thin films. In a magnetic field of 0.04
Tesla perpendicular to the substrate, a smaller aver-
age grain size of the crystallites (30 nm instead of 73
nm) was observed. This effect was less pronounced if
the magnetic field was parallel to the substrate. While
smaller grain sizes are usually obtained at lower kinetic
energy of the ions (due to the increased probability of
being captured by a nucleation center), the authors sug-
gested that the magnetic field decreased the kinetic en-
ergy by increasing the amount of collisions. Electrical
fields also influenced the crystallinity and orientation
of the film: When the field was applied perpendicular
to the substrate, CdS grains grew preferentially along
the [111] direction, and with this axis parallel to the
applied field.

3.3. Ferrite Plating

For the synthesis of films of magnetic iron oxides
(mostly spinel ferrites, MFe2O4, where M represents
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one or more of any of several cations), Abe and
co-workers developed a technique that they called “fer-
rite plating”. One embodiment of this technique en-
tails the application of current from an external source,
which falls outside the scope of this paper. The other
variations of the technique resemble electroless depo-
sition as defined above, because an essential step in the
process is inducing an increase in the oxidation state of
the principal cation in the starting solution, in this case
Fe from II to III. However, unlike ED, this oxidation oc-
curs in solution by means of an added oxidizing agent,
rather than at the substrate. Also unlike ED, ferrite plat-
ing does not require catalysis. The inventors postulated
that film formation requires adsorption of solvated iron
species onto hydroxyl or carboxylate groups on the sub-
strate (or hydroxyl groups on the growing film). In these
respects, ferrite plating resembles CBD. (The reported
role of surface hydroxyl groups in ferrite plating is rem-
iniscent of the role of cadmium hydroxide in CBD of
CdS films.) Of the extensive literature on ferrite plat-
ing by Abe and co-workers (see also reviews ref. [228,
229]) and a handful of other research groups, those pa-
pers which report film deposition without the use of 1)
externally applied current, 2) spraying or dripping of
the solution, or 3) hydrothermal conditions are sum-
marized in Table 6.

Ferrite plating was described in its original form in
the early 1980’s [230–232]. Solutions of Fe (II) chlo-
ride (alone or with Co (II) chloride) at 70◦C were oxi-
dized by adding nitrate ions or by bubbling air through
the solution. The pH was held constant at a value
around 7, depending on the intended composition of
the deposit, with metered additions of NaOH. To try
to confine oxidation of the solution to the vicinity of
the substrate, and thereby to avoid bulk precipitation
in the solution (which would occur at pH values above
∼7.5–8), the air was bubbled into the solution near the
substrate. Magnetite films could be formed directly on
stainless steel. Films could be deposited on copper if it
was pre-oxidized (to provide the necessary hydroxyl-
terminated oxide surface), and on polyethylene tereph-
thalate (PET) if it was first plasma-treated (or coated
with Cu which was then oxidized).

The deposition rate for simple spinels in the ferrite
plating process was 3–10 nm min−1. Higher deposi-
tion rates could be achieved if the solution was driven
to bulk precipitation, but this degraded the surface qual-
ity of the films. (Abe and co-workers have repeatedly
asserted that FP achieves the best films when only het-
erogeneous nucleation occurs.) To increase the growth

rate, they developed a liquid flow deposition (LFD)
technique (§ 3.5) starting in the late 1980’s [233, 234].
(In fact, the LFD papers described below (§ 3.5) cite
the FP literature as the source of the design of the LFD
apparatus.) Two aqueous solutions, in this case FeCl2
(to obtain magnetite; FeCl2/CoCl2 to obtain cobalt fer-
rite) and NaNO2, were filtered, combined, adjusted (us-
ing ammonium acetate, CH3COONH4) to a pH of 7.0,
and flowed in a layer 0.5 mm thick at a rate of 11 ml
min−1 past a glass substrate maintained at a temper-
ature of 90◦C. This approach achieved an increase in
the deposition rate to 30 nm min−1, while also achiev-
ing improved film quality. The authors attributed these
improvements to the constancy of the composition of
the solution achieved in this design, and to the rinsing
away of ferrite particles formed in the bulk of the so-
lution. The films were crystalline as deposited, with
a columnar growth habit and a grain size of about
0.1 µm. The magnetite films exhibited (100) orien-
tation, whereas the cobalt ferrite films had (111) ori-
entation. These authors reported deposition also onto
GaAs substrates that had first been coated with a CVD
SiO2 layer [235]. Lee et al. [236] later achieved growth
rates of cation-deficient magnetite films of 20 nm
min−1 using LFD and the water-soluble polymer dex-
tran [(C6H10O5)1200−1800] as a catalyst and oxidant for
the formation of the spinel.

This improvement in deposition rate was not suffi-
cient for the intended application (a microwave circu-
lator requiring a ferrite film 10 µm thick). By irradiat-
ing the glass substrate with light from a Xe lamp at a
density of 450 W cm−2, a further 10-fold increase in
deposition rate was obtained (to 320 nm min−1) [237].
The authors noted that the illumination increased the
local temperature at the substrate above 100◦C, as ev-
idenced by the release of bubbles. Previous work had
shown that simply heating the solution uniformly to
such temperatures could not increase the growth rate.
They concluded, therefore, that the induced temper-
ature gradient at the substrate-solution interface en-
hanced the local rate of electron transfer and led to local
convection currents, effects which together accounted
for the enhanced growth rate under optical irradiation
[238–240]. Still higher growth rates (660 nm min−1)
were achieved using an Ar laser as the light source to
deposit magnetite films, which also allowed maskless
photopatterning.

Control of the composition of the film in mixed-
cation solutions was difficult because of differences in
the solubility-pH characteristics between the cations,
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e.g., between Fe and Mn, Ba, and Ni. Therefore in
later work [241, 242], a chelating agent (tartrate an-
ion, C4H4O2−

6 ) was used to form metal-tartrate com-
plexes at high pH (11–13)—another similarity to CBD.
(In these experiments, the researchers used the liquid
flow technique with “light enhancement”.) From solu-
tions of iron chloride, sodium potassium tartrate, and
sodium hydroxide (for control of pH), the as-deposited
films were unoriented crystalline spinels which exhib-
ited magnetic hysteresis but no preferred axis of mag-
netic orientation. From mixed Ba-Fe chloride solutions,
Ba tended to deposit more readily than Fe (i.e., the ra-
tio of Ba to Fe in the film was greater than that in the
solution). The films with Ba/Fe of ∼0.1 were amor-
phous as deposited, but they contained barium hexa-
ferrite (BaFe12O19) as the only crystalline phase after
heat treatment at 800◦C in air for 10 h.

The actual growth rates still depend strongly on
the chemistry of the particular metal cations. Xe-lamp
irradiation of mixed Fe-Y chloride solutions [243]
achieved growth rates of at most 6 nm min−1. Other
significant features of these films were their ferromag-
netic behavior (albeit weak) at room temperature, even
though they were amorphous in XRD; the strong Y
excess (by a factor of 6) needed in the solution to
obtain films with the desired stoichiometry (i.e., that of
Y3Fe5O12, yttrium iron garnet); and that they crystal-
lized to the garnet phase on heating to 650◦C or above
in air.

Magnetite [244] and Nix ZnyFe3−x−yO4 films [245]
with improved microstructure have been deposited by
applying ultrasonic waves of 19.5 kHz and 600 W
in continuous flow technique. “Ultrasound-enhanced”
ferrite plating was originally developed to encapsulate
polymer microspheres (<0.3 µm in diameter), which
became discontinuously or insularly coated without ap-
plying ultrasound [246]. Sonochemical reactions (e.g.,
OH group formation on the substrate) are suggested to
be responsible for the improved microstructure, and for
the increased Ni content in the NiZn ferrite films.

Ferrite plating at room temperature (versus 55–
100◦C previously) was recently demonstrated [247]. In
this approach, a cylindrical glass apparatus was used,
with inlets for FeCl2 and basic NaNO2 solution at the
bottom. Glass plates as substrates were rotated by mag-
netic stirrers attached to their back sides. Compared
to the previous work, the pH of the mixed solution
was higher, due to the shift of the Fe2+/Fe3O4 equilib-
rium to higher pH at lower temperature. Single phase,
polycrystalline spinel films without preferred crystal-

lographic orientation were formed with growth rates of
0.6–6.3 nm min−1.

Multilayers of magnetite and CdS were deposited
using alternating flowing liquid precursors from the
FP and CBD techniques [248]. The thickness of the
CdS layers was fixed at 100 nm (growth rate of 3 nm
min−1), whereas the thickness of the ferrite layers was
controlled at either 32, 80, or 160 nm (5 nm min−1).
While the thicker magnetite layers exhibited saturation
magnetization nearly equal to that of bulk materials,
this property decreased as the thickness of the mag-
netite layers decreased.

Nagata and Iwahara [249] adapted the ferrite plat-
ing concept to deposit films of Mn2O3 and a precursor
to the SOFC cathode material La1−x Srx MnO3. They
used hydrogen peroxide as an oxidizing agent, which
was added to the solution of Mn(II) just before dripping
it onto an yttria-stabilized zirconia substrate. Etching of
the substrate, and utilization of a 2-step catalytic treat-
ment prior to deposition, had no effect on the growth
rate of the film. This led them to conclude that the
operative mechanism of deposition was different from
that of electroless plating. Multiphase films containing
crystalline Mn2O3 were deposited from appropriate so-
lutions of Mn(II) nitrate. The La-Sr-Mn films gave no
crystalline XRD pattern as deposited, but developed a
multiphase structure (including the desired perovskite)
on firing at 1000◦C in air. As with most attempts to de-
posit multicomponent films, the stoichiometry of their
films varied from that of the starting solution, in this
case being deficient in La and Sr.

3.4. Use of Functionalized Surfaces

3.4.1. Introductory remarks. A significant recent
trend in research on low-temperature deposition of
thin films has been the use of organic modifications
of inorganic surfaces to promote the formation of films
from liquid media. Much of the inspiration for such
research comes from the field of biomineralization.
Living organisms use organic surfaces (such as pro-
tein or phospholipid layers) to produce certain inor-
ganic materials (e.g., apatite and the polymorphs of
calcium carbonate) with highly controlled microstruc-
tures [250, 251] and enhanced physical properties
[252]. Researchers have attempted to adapt some of
the key features of these processes to the production of
films for electronic, optical, and magnetic applications
(reviewed here), as well as for biomedical, mechanical,
chemical, and thermal applications [253, 254].
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3.4.2. Examples of films on SAMs. The earliest at-
tempts to use organic surfaces to influence the for-
mation of synthetic inorganic oxides involved direct
precipitation of crystalline SiO2, TiO2, iron oxides,
and silver oxide within polymer matrices. This work
was summarized by Calvert and Mann [255]. Typi-
cally, these polymer-ceramic composites consisted of
oxide particles, 10–30 nm in diameter, often in clusters
up to 5 µm in diameter.

More recently, specifically with a view toward
forming thin films, organic self-assembled monolay-
ers (SAMs) have been used to tailor the chemical
characteristics of substrate surfaces. SAMs are ultra-
thin layers (typically 2.5 nm or less) formed via
the spontaneous attachment of hydrocarbon molecules
onto a substrate, comprising structurally ordered, two-
dimensional arrays [256, 257]. One end of each sur-
factant molecule bonds to the substrate: thiol groups
( SH) bond to noble metals such as Au, while
trichlorosilane groups ( SiCl3), after hydrolysis to
silanol ( Si(OH)3), bond to surfaces such as glass, sap-
phire, and the native oxides on Si, Ge, and Ti. The func-
tional group at the opposite end of the molecule (or a
group that replaces it in a post-deposition displacement
or transformation) determines the surface chemistry of
the SAM, whether acidic or basic, hydrophilic or hy-
drophobic, polar or non-polar.

Table 7 summarizes reports on the use of SAMs to
promote the deposition of oxide films. In general, the
chemistry used to induce formation of the inorganic
solid in these cases resembles that of CBD, with control
of temperature and pH (and metal concentration to a
lesser extent) being the primary means for controlling
the rate of film growth.

Rieke et al. [117, 258, 259] deposited goethite (α-
FeOOH) films from iron (III) nitrate solutions and ak-
aganeite (β-FeOOH) films from iron (III) chloride so-
lutions onto sulfonate ( SO3H)-terminated SAMs and
sulfonated polystyrene. (Maiti et al. [260] observed the
same dependence of polymorph on counteranion.) To
avoid bulk precipitation for times up to 6 h, they care-
fully controlled the pH at 2.0–2.1, the [Fe] at 1–3 mM,
and the temperature at 70◦C. In the absence of bulk
precipitation, dense polycrystalline films up to 1.0 µm
thick formed that exhibited preferred orientation ([020]
axes perpendicular to the substrate). Films formed
more quickly (shorter induction times and faster growth
rates) at higher degrees of supersaturation (i.e., pH up
to 2.57 for the same metal concentrations), but bulk pre-
cipitation also occurred sooner, depleting the solution

of metal and effectively shutting off the growth of the
film. Films that formed while bulk precipitation was
taking place were reported to be discontinuous, less
dense, and less adherent than films formed exclusively
via heterogeneous nucleation.

Nagtegaal et al. [284, 311] used thiol-anchored
SAMs on gold as surfaces for deposition of iron oxy-
hydroxide films. Their solutions (2 mM Fe(III) ni-
trate, room temperature, pH = 2.86) were maintained
below supersaturation; raising the pH to 3.48 led to
bulk precipitation and a suppression of film formation.
The films contained γ -FeOOH (lepidocrocite), a dif-
ferent polymorph than Rieke observed. Films were ob-
served to form on sulfonate-SAMs, on gold, and on
uncoated glass substrates, but not on alcohol-, methyl-,
carboxylate-, phosphonate-, or amine hydrochloride-
terminated surfaces. They attributed this specificity to
the ability of the sulfonate group, alone among the
functionalities studied, to deprotonate even in acidic
environments, binding positively charged iron ions or
complexes from the solution. FTIR spectra gave evi-
dence for such an interaction.

Koumoto et al. [289] deposited TiO2 (anatase) from
an LPD-type solution (after Deki et al. [60]). The
anatase was preferentially oriented with the c-axis per-
pendicular to the substrate surface. This alignment led
them to conclude that heterogeneous nucleation was
the dominant mode of formation of these films, with the
nucleation sites being Si-OH groups on the surfaces.

The present authors and their co-workers have used
SAMs to synthesize films of several oxides (Table 7).
Crystalline films of TiO2 [261–264], ZrO2 [264–267],
FeOOH [268], AlOOH [269] and SnO2 [270–272]
were formed directly from aqueous solutions below
100◦C. Films of ZnO [273], Y2O3 [274], ZrTiO4 [275],
Y2O3-ZrO2 [265], V2O5 [276], and Fe3O4 [268] were
formed after moderate heat treatments. Typical films
were <100 nm thick, with crystals 2–10 nm in di-
ameter in a small amount of non-crystalline matrix.
Significant exceptions were the FeOOH films, which
frequently exceeded 100 nm in thickness, and the
Y- and V-containing films, which were amorphous be-
fore heat treatment.

Niesen et al. [264] have studied the topography of
these films using AFM. The smoothest regions of these
films exhibit roughness values ranging from 1 to 4 nm,
somewhat rougher than either the SAMs or the oxidized
silicon substrates. The film surfaces appear to be made
up of well-packed agglomerates of nanocrystals a few
nanometers in size. The agglomerates have diameters
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of up to about 100 nm (Fig. 4(a)). On the micron scale,
protrusions and depressions can be observed in the
films, sometimes isolated and sometimes in patches a
few square microns in extent. These features range up
to 50 nm in depth/height and are typically 0.5–1 µm in
width (Fig. 4(b)). Whereas the origin of the nanoscale
roughness appears to be the crystallite size (as observed
in TEM images of these films), the micron-scale fea-
tures may be related to the attachment and detachment
of large agglomerates, and possibly to imperfections
(pinholes; adsorbed contamination) in the SAM. Sim-
ilar conclusions were drawn from SEM studies of the
films [267].

Meldrum et al. [118, 277, 278] investigated the
growth of sulfide thin films on self-assembled mono-
layers on gold, using surface plasmon spectroscopy (in
situ) and microscopic techniques (ex situ). PbS films
were formed by CBD from alkaline Pb(ClO4)2 solu-
tion and thiourea at room temperature, and the influ-
ence of the monolayer terminal group on crystal growth
was investigated for COOH, OH, NH2, SO3H
and CH3 functionalities [118, 278]. If 2 M NaOH
was used, films deposited most readily on SAMs bear-
ing terminal groups with high dissociation constants
(i.e., COOH and SO3H), while OH, NH2, and

CH3 surfaces did not provide good growth substrates.
(Note that films were also formed directly on the bare
gold substrate.) The observed induction period for film
growth was attributed to the slow formation and ad-
sorption of amorphous Pb(OH)2 particles, followed by
conversion into PbS crystallites of 5–10 nm in size.
Further growth by an ion-by-ion mechanism could ex-
plain the alteration of the crystal size (20–30 nm in di-
ameter) experimentally found after film thickness ex-
ceeded 25 nm. From 5 M NaOH, films could be de-
posited on all substrates. Here, film growth seems to
start from particles of diameter on the order of 20 nm.
This was related to the fact that increasing the con-
centration of NaOH favors the formation of the (sol-
uble) anion HPbO−

2 , suppressing the primary particle
formation mechanism and promoting the slower, but
less surface-specific ion-by-ion growth. No geometri-
cal match at the substrate/crystal interface was required
to reach crystal orientation; on the contrary, SAMs from
short chain surfactants (i.e., those which are less or-
dered) and the bare gold substrate itself led to the high-
est degree of orientation.

ZnS thin films [277] were formed by SILAR, i.e.,
alternate immersions of the substrates in zinc nitrate
and sodium sulfide solution. On COOH terminated

SAMs, films were formed of a uniform distribution
of spherical particles of ∼20 nm in diameter. Surface
plasmon spectroscopy revealed a growth rate of 0.2–
0.3 nm/cycle, which is in agreement with earlier results
on glass substrates (see § 2.2.2). If patterned substrates
(see below) were used [279], deposition seemed to be
restricted to the hydrophilic ( COOH) areas, consis-
tent with the SILAR deposition mechanism.

ZnO films [280], also deposited by the SILAR tech-
nique, could be selectively formed on amine-modified
silicon wafers while bare silicon remained unreactive
under the same conditions. (Note that other groups have
reported SILAR of ZnO films without substrate func-
tionalization, see § 2.2.4). The films consisted of ex-
tended islands (50–500 nm), which was mainly related
to the patchy organic monolayer resulting from the
short-chain hydrocarbons used. To explain the smooth-
ness of the islands, lateral mobility of small clusters on
the disordered amine surface was assumed.

3.4.3. Discussion. In most of the studies reviewed
in this section, the solutions were acidic and, in con-
trast to CBD of sulfide films, no complexants were
used. Two exceptions were the work of Baskaran et
al. [281] and Niesen et al. [276, 282]. Baskaran et al.
used a lactate complex of Ti as their metal precursor.
The resulting additional stability against precipitation
allowed them to work at much more moderate pH (1.5–
2.5; Table 7) than did Shin et al. [261] (who used 6 M
HCl). Niesen’s approach was to complex Ti with hydro-
gen peroxide, which served a similar function. These
studies clearly show that the use of complexants, well
developed in the CBD literature, can provide a useful
additional means of controlling the deposition of metal
oxides, especially with regard to the time needed for
nucleation and growth of the solid at a given pH or
metal concentration.

The CBD literature on sulfide films also sheds light
on the mechanism of growth of oxide films. In both
cases, the mode of growth (ion-by-ion vs. particle at-
tachment) cannot be unambiguously ascertained by an
examination of the microstructure, but certain guide-
lines appear valid. Crystallographic orientation in poly-
crystalline films argues strongly that heterogeneous nu-
cleation occurred, followed by ion-by-ion growth. As
proposed by Gorer and Hodes [102], films with crystals
larger than about 16 nm probably formed by ion-by-ion
growth. Both of these criteria are consistent with the
conclusions of Rieke et al. [117, 258], whose oriented
FeOOH films had crystals 30–50 nm in size.
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Fig. 4. AFM images of a nanocrystalline zirconia film deposited on a sulfonate SAM. Deposition conditions: 4mM Zr(SO4)2, 0.4 M HCl, 70◦C,
4 consecutive 1-hour immersions. a) 1 µm × 1 µm area, showing nano-scale roughness. (Horizontal scale: 0.2 µm div−1; vertical scale: 25 nm
div−1.) b) 6 µm × 6 µm area, showing micron-scale roughness. (Horizontal scale: 2 µm div−1; vertical scale: 50 nm div−1.)
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In contrast, the films reported by De Guire et al.
usually contained crystals smaller than 10 nm, and
their growth conditions and morphologies were con-
sistent with particle attachment. They proposed [283]
that forces similar to those that exist between colloidal
particles in fluids could lead to film growth. Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory provided a
means to estimate the magnitude of these forces. Their
calculations are in agreement with several experimen-
tal observations. For example, only particles ∼2–10
nm in size should form films. The calculations also
predict the observed lack of deposition of ZrO2 films
on SAM-free silicon [283] and differences in SnO2

films between SAM-coated and SAM-free substrates
[272]. However, they could not account for the ob-
served specificity of TiO2 to deposit on sulfonate but
not on thioacetate SAMs.

Several considerations must be kept in mind when
applying DLVO theory to such systems. First, the
length scales are much smaller than in typical colloidal
systems: the particles are nanometers, rather than mi-
crons, in size, and the calculated Debye layers can be
very thin (<1 nm), a result of the solutions’ compara-
tively high concentrations compared to the dilute elec-
trolytes usually considered. The applicability of DLVO
calculations becomes less certain as these lengths ap-
proach the size of the complexes in the solution. Fur-
thermore, unlike typical powder suspensions in which
the surrounding fluid is chemically inert with respect to
the solid, the particles forming films here are in contin-
uous reaction with the liquid media, even after (and if)
they deposit on a substrate. The particles’ extremely
high surface-to-volume ratio might lead to a kind of
liquid-phase sintering despite the relatively low tem-
peratures, leading to denser microstructures than are
typical of systems dominated by DLVO-type interac-
tions.

One of the interactions treated explicitly in the
DLVO calculations is the electrostatic interaction be-
tween particles and the substrate. This focuses attention
on two factors: the surface charge density of the SAM,
and the charge on the particles (which depends on their
isoelectric point in comparison to the pH of the depo-
sition medium). Empirically, the sulfonate SAM has
been shown to be an especially versatile surface for
oxide deposition (Table 7). This appears to be linked to
its unique capability among the surfaces studied to de-
protonate (and therefore to become negatively charged)
even in acidic environments [283, 284] where most ox-
ide particles are positively charged. The work on V2O5

films by Niesen et al. [276] represents an important test
of this hypothesis, because V2O5 is negatively charged
in the solutions from which it was deposited (pH of
1–4). It was found not to deposit on sulfonate SAMs,
but did deposit on amine SAMs, which will be pos-
itively charged at this pH. This provides convincing,
if qualitative, support for the key role played by the
uniform, concentrated surface charge density of hy-
drophilic SAMs in promoting growth of oxide films.

This group has studied the chemical limits of silanol-
anchored SAMs and how these limits affect the pro-
cessing of thin films on SAMs. The silanol linkage is
highly resistant to acidic media even at elevated temper-
atures (<100◦C). In contrast, basic media are known
to attack the Si-O-substrate bonds. Therefore, the use
of these SAMs for film deposition is limited to oxides
that will precipitate under neutral or acidic conditions,
i.e., small, highly-charged cations such as Ti, Zr, Sn,
and Y. For deposition of ZnO films under basic con-
ditions, silane-anchored SAMs met with more limited
success [273]. Correspondingly, deposition of oxides
of alkali or alkaline earth metals, Pb, and other large
monovalent or divalent metals would require a SAM
that could better withstand basic environments. Com-
pound oxides of mixed acidic and basic character (e.g.,
BaTiO3, LiNbO3) could probably best be approached
via hydrolysis of non-aqueous media.

Heat treatment of the oxide deposits on SAMs leads
to the pyrolysis of the organic layer. Wang et al. [269]
studied the thermal decomposition of silanol-anchored
SAMs with and without overlying oxide films. The or-
ganic film burned off completely within 2 h at tempera-
tures between 200 and 400◦C, as shown by TEM, sur-
face chemical analysis, and thermogravimetry. Recent
results of Ritley et al. [285] using in-situ x-ray reflecti-
vity have also shown that the SAM breaks down above
300◦C. (Kluth et al. [286] reported that such SAMs
are stable to temperatures of at least 467◦C, but their
samples were heated for only 1 minute.) This pyrol-
ysis (somewhat unexpectedly) does not disrupt the
adhesion of the inorganic overlayer [261, 264, 265,
274]. It is believed that the hydrocarbon combustion
products can diffuse through small channels several
Ångstroms wide that open up between some of the
nanocrystals upon crystallization of the amorphous ma-
trix, allowing a new oxide-substrate interface to form.
In this regard, it should be pointed out that the total
amount of the combustion products is extremely small
(nanomoles per square centimeter) so that pyrolysis of
the SAM under even a relatively thick film (e.g., 1 µm)
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is not expected to diminish the adhesion of the oxide
layer.

3.4.4. Patterning of films on SAMs. Several tech-
niques for producing patterned SAMs, and for using
them to produce patterned ceramic thin films, have
been reported. All of these approaches have relied
on the general preference for oxides or sulfides from
aqueous solutions to deposit onto hydrophilic surfaces
and not onto hydrophobic surfaces. Rieke et al. [287,
288] rastered electron and ion beams across a methyl-
terminated SAM on Si, then deposited vinyl-terminated
surfactant selectively with 1–3 µm resolution where
the hydrophobic methyl SAM had been removed. The
vinyl-functionalized regions were then converted to
hydrophilic sulfonate by exposure to SO3 vapor, after
which FeOOH was deposited (see above) with resolu-
tion of 10–15 µm. One disadvantage of this technique
is that the time needed to produce a pattern by ras-
tering is relatively high. Collins et al. achieved a bi-
functional patterned surface with 10-µm features in a
single step, shining UV light through a mask to con-
vert a moderately hydrophobic thioacetate SAM on Si
selectively to sulfonate [262]. Anatase (TiO2) was then
deposited from a TiCl4/HCl solution. Meldrum et al.
photooxidized thiol-anchored SAMs of hydrophilic 16-
mercaptohexadecanoic acid on Au and readsorbed 16-
mercaptohexadecane [279], then deposited PbS as de-
scribed above. The work of Koumoto et al. on anatase
films [289], described earlier, used a similar approach
with silanol-anchored SAMs on Si, using UV light to
cleave hydrophobic phenyl surface groups. Features as
small as 15 µm were clearly developed in the anatase
film.

These approaches offer the potential of obtaining
patterned films without the use of photoresists and
strippers. Most of these techniques can be used to de-
posit either a “positive” or a “negative” image, depend-
ing on the affinity or aversion of the film for the var-
ious types of SAMs and substrates. While successful
as proofs of concept, these studies showed that more
work is needed to achieve feature sizes smaller than
several microns. The resolution appeared to be limited
by the oxide deposition rather than by the patterning
of the SAM. In each case dense, adherent films de-
posited on the hydrophilic regions, but thin layers or
dispersed precipitates were observed on the hydropho-
bic regions. Even when such deposits do not adhere
strongly to the substrate, they may bridge across to the
hydrophilic regions, with interactions at least as strong

as those that keep the film itself intact [283]. Tearing of
these interparticle bonds during removal of the unin-
tended deposit probably led to the ragged feature edge
observed by Koumoto et al. and to unacceptably high
variations (28%) in feature width for electronic appli-
cations [289]. Therefore, to make this approach prac-
tical, it may be important to avoid deposition on the
hydrophobic areas more completely via optimization
of the deposition time and conditions.

A technique for selective initial placement of the
SAM itself called microcontact printing was developed
by Kumar and Whitesides [290]. As with inking of a
rubber stamp, a molded elastomer template is dipped in
the surfactant solution, then pressed against a substrate
to transfer the surfactant to it. The un-stamped areas can
subsequently be filled in with a SAM of complementary
functionality by simple immersion in the appropriate
surfactant solution. Although limited by the resolution
of the stamp and the mechanical stability of the pro-
cess, it is a fast, inexpensive, and versatile approach that
can be readily adapted to a rapid manufacturing setting.
Patterned deposition of ferrite (using liquid-flow ferrite
plating, § 3.3 and § 3.5) with features about 1 µm in
size and good resolution was demonstrated [291]: The
films were formed on areas functionalized with OH
groups while areas functionalized with SH were resis-
tant to deposition. In the case of CdS film formation (by
CBD, § 2.1), under optimized conditions, selective de-
position on SAM-free regions could be achieved while
areas with CH3 functionalization remained film-free
[292]. However, such films often showed small CdS
islands on the SAM and holes in the CdS film. Bet-
ter resolution was achieved when a continuous CdS
film was formed first on the entire surface, followed
by lift-off sonication, which removes the film from the
SAM-coated areas. The roughness of the boundary be-
tween the CdS layer and the OTS-protected region was
reported to be in the range of <100 nm.

3.4.5. Multilayer and higher-order structures. The
use of organic surfaces offers the potential to develop
materials and structures with applications beyond the
scope of the present review, e.g., organic-inorganic
composites with hierarchical structures exhibiting or-
ganization on one or more length scales. For ex-
ample, Kotov et al. [293] built up alternating mul-
tilayer sequences of polyelectrolyte-(CdS particles)-
polyelectrolyte-(TiO2 particles) tens of layers thick
on noble metal, glass, mica, and Teflon substrates.
They studied the dependence of the photocurrent on
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the layer sequence and dimensions of their films. Liu
et al. [294] similarly built up polyelectrolyte-TiO2

multilayers and characterized their UV-visible trans-
mission. While these two studies used the organic layer
to assemble pre-existing inorganic particles, Aksay et
al. [295] used micellar assemblies of surfactant mole-
cules and inorganic precursors, spontaneously formed
in solution, to create silica films that exhibited various
types of structural order on the nanometer scale.

3.5. Liquid Flow Deposition (LFD)

3.5.1. General remarks. During deposition of a solid
film from a static liquid, such as those used in CBD
or LPD as described above, gradual changes in the
composition of the liquid will occur. It will become
depleted of the metal and anion, as the solid reaction
product deposits on the substrate or simply precipitates
from solution. Film growth slows down and eventually
stops. In addition, any thermally decomposing reagent
and its byproducts, such as urea forming ammonia and
carbon dioxide in certain CBD processes, will exhibit
time-dependent concentrations which will further af-
fect the deposition rate. Although these changes can
be readily predicted and controlled, they impose lim-
itations on the maximum achievable growth rates and
film thicknesses.

In liquid flow deposition (LFD), the deposition
medium is continuously flowed (usually by means of
a pump) past the substrate. The reactants in the depo-
sition medium are replenished continuously. While the
temperature and composition of the solution can still
be used to control the rate of reaction, the rate of flow
of the deposition medium past the substrate becomes
a new and easily controlled variable for adjusting the
deposition process. With proper design of the reaction

Table 8. Oxide thin films deposited via liquid flow deposition (LFD).

System Temperature (◦C)

Oxide Substrate Deposition As-deposited Annealing pH
Growth rate
(nm h−1)

Max. thickness
(nm) Reference

Fe3O4, Glass, sapphire, 55–90a Spinel None 6.9–7.3 960–2,400 800 [233, 234, 305, 306]
Cox Fe3−x O4 spinel, PET,c

PTFEb

ZnO Glass 70 ZnO None 8.0 600 1000 [302]

SnO2 Si 80 SnO2 None Acidic 65 1000 [270, 271]

aLFD technique (see also Table 7).
bPolytetrafluoroethylene.
cPolyethylene terephthalate.

chamber and tailoring of the flow rate to the reaction
kinetics, a steady state can be achieved which exposes
the substrate to a medium of constant composition and
reactivity. In several cases, constant and high growth
rates have been achieved with no evidence of slowing
down at longer times, implying no limitation on the
maximum achievable film thickness. Alternatively, the
process can in principle be designed to vary the com-
position, growth rate, and microstructure even within a
single film, though this strategy for producing graded
films apparently has yet to be exploited.

The techniques discussed previously have been cat-
egorized in chemical terms: pH ranges, use of com-
plexants, redox reactions, etc. In contrast, the concept
of LFD can be applied to any of the main techniques
described so far (with the possible exception of SILAR)
without changing the basic chemical reactions involved
in forming the film. Therefore, we describe it here as a
variation of these techniques, while recognizing that it
offers a wealth of new options for control of the deposi-
tion process that are not possible with static deposition
media. Table 8 presents a summary of work on LFD of
oxide films.

3.5.2. LFD of oxide and sulfide films. In the late
80’s, Goto et al. [233, 234] reported a modification of
the ferrite plating process in which two separate aque-
ous solutions (one containing FeCl2 and ammonium
acetate (CH3COONH4), the other containing sodium
nitrite (NaNO2) and ammonium acetate) were com-
bined and flowed as a shallow confined liquid stream
past a glass substrate (§ 3.3).

Ito and co-workers [296, 297] used this design to de-
posit CdS films from a buffered (7.5 < pH < 9.0), com-
bined aqueous solution of CdCl2 and H2S at 40–80◦C.
Their chemistry resembles that of a CBD process, with
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adjustment of the flow rate providing an additional
means of controlling the rate of reaction. Regardless
of the cadmium salt used (chloride, sulfate, nitrate, or
acetate), their films were single-phase hexagonal CdS,
with the c-axis predominantly perpendicular to the sub-
strate. The minimum film resistivities (4–20 � cm, po-
tentially acceptable for heterojunction solar cells with
CuInSe2) were achieved at 60◦C, pH = 8.0, and flow
rates of 0.2 mL min−1, which yielded deposition rates
of 10 nm min−1 and films 30 nm to 1 µm thick.

Oladeji et al. [298, 299], taking into account the
saturation of a static deposition, periodically replen-
ished their CdS deposition solution, consisting of cad-
mium acetate, thiourea and ammonia/ammonium ac-
etate buffer at 85◦C, in cycle periods of 30–90 min.
Polycrystalline films (cubic CdS) with thicknesses be-
tween 0.13 and 0.6 µm were formed and a thickness
yield of 42–47% per cycle relative to that obtained in
the initial deposition cycle was found.

Boyle et al. [300, 301] suggested keeping the CdS
deposition solution at room temperature and to heat
the substrate directly to 80◦C, while recirculating and
filtering the deposition solution and replenishing the
reagents in a closed-loop CBD reactor. The advantage
of this process is the significant reduction of the amount
of (cadmium) waste. The authors used a deposition so-
lution containing CdCl2, ethylenediamine, thiourea and
NaOH (pH = 12.5). As-deposited films were composed
of mixed cubic and hexagonal phases, in the form of
dense, asymmetric grains each 50–100 nm in diame-
ter. Annealing in air at 400◦C effected conversion to
hexagonal CdS without significant grain growth.

Ito and Nakamura [302], with a view towards gas
sensors and electrophotography, adapted the liquid-
flow concept also to ZnO. Their solution consisted of
aqueous ZnCl2 and urea (each 10 mM) at 70◦C and a
constant pH of 8. The films were single-phase, hexag-
onal, c-oriented ZnO as deposited with a resistivity of
0.1 � cm. They grew at 10 nm min−1 to a thickness of
1 µm and could not be removed with a finger-scratch.

Supothina and co-workers [270, 271] reported the
first systematic study of the effect of flow rate and
chamber configuration on the growth rate of LFD films.
They deposited nanocrystalline α-SnO2 (cassiterite) on
silicon (100) substrates with and without sulfonate-
functionalized self-assembled organic monolayers.
The films, deposited from acidic SnCl4/HCl solutions
at 80◦C, consisted of randomly oriented crystals 5–10
nm in diameter. Their work showed that, for a given
solution and chamber configuration, the flow rate can

be optimized to give the maximum growth rate by tai-
loring the average residence time of the solution in
the chamber to the time required for the first appear-
ance of visible precipitation. Their maximum growth
rates were 1.0–1.3 nm min−1 (depending on the degree
of supersaturation of the solution) and the maximum
thickness achieved was 1.0 µm.

4. Summary and Concluding Remarks

Numerous oxides have been produced as polycrys-
talline thin films from aqueous solutions at low tem-
peratures. Typical film thicknesses range from a few
nanometers to about one micron. Growth rates are usu-
ally a few to a few hundred nanometers per hour, but
rates of microns per hour have been reported. The par-
ticle sizes in the films range from a few nanometers to a
few tens of nanometers. All described techniques, with
the notable exception of SILAR, start in principle from
a single bath containing cation and anion sources.

Although most of the examples reported to date
are single oxides, multicomponent films have been de-
posited, including doped single oxides (ZnO:Ni, Cu,
Cd, Al, Sn; SnO2:Sb; In2O3:Sn) solid solutions (spinel
ferrites; ZrO2-Y2O3), and stoichiometric compounds
(CdSnO4; perovskites). From a practical point of view,
the relative metal concentrations in solutions must be
adjusted empirically to obtain a desired ratio of metals
in the film; different precipitation kinetics can make
it difficult to achieve simultaneous and uniform pre-
cipitation of both components in the ratios desired
for stoichiometric mixed oxides. Usually, oxides of
the higher-valent (III–V) metals can be deposited as
films from acidic solutions, whereas lower-valent (II–
III) metals have been deposited at neutral to basic pH.
This reflects a fundamental difference in the precipita-
tion chemistry of these metals, and affects the ability
of forming multicomponent films. Some of these diffi-
culties may be solvable through reference to the exten-
sive literature on deposition of non-oxide films from
aqueous solutions, or to the sol-gel literature where
films of such mixed-oxide compounds as Pb(Zr, Ti)O3,
BaTiO3 and LiNbO3 have been successfully synthe-
sized. The SILAR technique, with its advantage of eas-
ier incorporation of dopants, seems to be limited by the
step-by-step processing and the resulting low growth
rate. Lastly, we note that residual anions from the so-
lution are frequently included films formed via these
liquid-deposition techniques; these can be desirable or
undesirable, depending on the application.
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The much larger body of work on liquid-phase syn-
thesis of sulfides and selenides also sheds light on
the mechanisms by which the oxide films form. In
both cases, chemical control (pH, temperature, metal
concentrations) determines the rate of solid forma-
tion. In general, increasing the degree of superatura-
tion through chemical means raises the growth rate
but limits the final thickness of the films. On the other
hand, the substrates (e.g., through the use of function-
alized surfaces) and the design of the reaction cham-
ber (e.g., in liquid flow deposition) influence the loca-
tion of nucleation and the rate of growth. Control of
the relative rates of ion-by-ion growth and particle for-
mation/attachment is needed to avoid the formation of
non-adherent, porous, or powdery deposits. The main
difference between oxides and non-oxides in this con-
text is that the concentration of the anionic component
(S2− or Se2−) in a non-oxide film is a separate ad-
justable parameter, affording an additional element of
control over the film formation process.

Several researchers have espoused the importance
of nucleation on the substrate to form good-quality
films. Nevertheless, numerous examples have been re-
viewed here for which bulk precipitation appears to
have played a significant role in the growth of dense,
adherent films. Clearly it is possible to take advantage
of the faster rates of nucleation and/or growth provided
by precipitating solutions to obtain useful films (e.g., in
LFD). In many cases, only a narrow window of condi-
tions will maintain the metastability needed for purely
heterogeneous nucleation. While control of tempera-
ture, pH, and bath composition will be crucial for sat-
isfactory results with any of the techniques described
here, the use of precipitating solutions may relax some
of the constraints and ultimately prove more practical
for large-scale production.

Most of the examples reviewed here have used sub-
strates (usually silicon or glass) without special sur-
face functionalization. However, functionalized sur-
faces have enabled deposition under conditions where
it would not otherwise have occurred. Among these
surfaces, sulfonate self-assembled monolayers (SAMs)
have shown a unique versatility for deposition of a va-
riety of oxide and sulfide thin films. Furthermore, func-
tionalized surfaces offer the possibility of patterned de-
position (as does photo-assisted deposition).

While liquid-phase deposition offers the capability
of depositing films on non-planar surfaces, this has
not yet been widely exploited. Potential applications
include trench-filling in microelectronics [198] and

coatings on powders [269], catalyst supports, fuel cell
electrodes, porous capacitors, and battery structures.

More work needs to be done to characterize the
properties of these films and to evaluate their suitabil-
ity for applications. To this end, it is hoped that this
review has provided directions along which routes for
synthesis of materials with improved microstructures
(and thus properties) can be developed.
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Notes

1. Here, “ceramic” refers to polycrystalline inorganic nonmetallic
materials, without the additional connotation of high-temperature
heat treatment that is usually associated with the term.

2. In those CBD processes that do involve a change in oxidation
state of the metal, it usually occurs in the bulk solution prior to
formation of the solid.

3. If an oxide film is desired, formation of the hydroxide is in some
cases a necessary first step. Even if a non-oxide film is desired, it is
believed that hydroxide particles serve as necessary catalysts for
the hydrolysis of the chalcogenide source, as discussed in § 2.1.3.
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