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How to exploit the full potential of the
dip-coating process to better control film
formation
David Grosso*

DOI: 10.1039/c1jm12837j
Dip-coating is an ideal method to prepare thin layers from chemical solutions since it is a low-
cost and waste-free process that is easy to scale up and offers a good control on thickness. For
such reasons, it is becoming more and more popular not only in research and development
laboratories, but also in industrial production, as testified by the increasing number of annual
publications (9, 180, and 480 articles in 1990, 2000, and 2010, respectively). Even so, the full
potential of dip-coating has not yet been fully explored and exploited. This article highlights
the recent progresses made by tuning the processing conditions beyond conventional ranges
to prepare more and more complex and controlled nanostructured layers. Especially, we will
see how one can take advantage of an accurate tuning of the withdrawal speed and of the
atmosphere to control the nanostructuration originating from evaporation-induced-self-
assembly (EISA), together with the final thickness from a few nm up to 1 mm from the same
initial solution. A new regime of deposition, involving capillary induced convective coating
that is highly suitable for the deposition from aqueous and/or highly diluted solutions, will be
described. Finally, it will be demonstrated that dip-coating is also a well suited method to
impregnate porosity, to make nanocomposites, or to perform nanocasting. The present
discussion is illustrated with systems of interests in domains such as optics, energies,
nanoelectronics, nanofluidics, etc.
Chimie de laMati�ere Condens�ee de Paris, UMR
UPMC-CNRS 7574, Universit�e Pierre et Marie
Curie (Paris 6), Coll�ege de France, 11 place
Marcelin Berthelot, 75231, Paris, France.
E-mail: david.grosso@upmc.fr

David Grosso

Prof. D. Gro

2002, and as

Paris. He wo

Condens�ee d

structured m

is a co-autho

His work w

Society (ISG

Chemistry (S

French Insti

a co-founder

ical surface t

This journal is ª The Royal Society of Chemistry
Introduction

Thin films are extremely important systems

that are used in many domains of applica-

tion since they bring an additional function

at the surface of any kind of materials. The
sso was appointed as associate professor in

full-professor in 2007, at the University of

rks in the Laboratory Chimie de la Mati�ere

e Paris (LCMCP) on processing nano-

aterials through bottom-up approaches. He

r of more than 120 articles and 10 patents.

as awarded by the International Sol–gel

S) in 2005 and by the French Society of

FC) in 2009. He is a junior member of the

tute of University since 2009, and he is

of a start-up ‘‘Pomatec’’ developing chem-

reatment for stones.

2011 J. M
preparation of coatings is achieved either

by a dry process (CVD, PVD, PECVD,

etc.) or by a wet process (spray coating,

brush casting, spin coating, dip coating,

etc.), also addressed as Chemical Solution

Deposition (CSD). These wet methods are

well adapted for the preparation of multi-

phase materials since any non-volatile

compound that is dispersed or dissolved

into the solution will be homogeneously

distributed or organised into the final films,

and with a fairly good control of the

thickness.1 For instance hybrid organic/

inorganic, or composite, layers are easily

obtained by evaporation of solutions con-

taining metal oxide precursors, organic

functions, monomers, polymers or various

kinds of nanoparticles. It is also highly

appropriate for the preparation of mate-

rials with controlled porosity since poro-

genic species can easily be embedded and

eliminated from the final material. For
ater. Chem., 2011, 21, 17033–17038 | 17033
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Fig. 1 Recent progresses made in the preparation of thin films by dip-coating through variation of

chemical and processing conditions. (A) Typical plots of thickness versuswithdrawal speed showing

the 3 regimes of deposition (3 colors). The open rings correspond to experimental points obtained for

a typical mesoporous silica film. The purple and orange curves correspond to how the latter curve

would evolve upon an increase in atmospheric temperature and upon dilution of the solution,

respectively. (B) Scheme of the various driving forces governing the deposition; and (C) equation

describing the thickness h0 versus the solution composition constant ki, the withdrawal speed u, the

evaporation rate E, the substrate width L, and the solution physical–chemical characteristics D, as

described by Faustini et al.8 (D) typical mesoporous TiO2 thin film obtained in the capillary regime

from aqueous solutions.10 (E) Ultrathin nanoperforated ZrO2 layer obtained in the intermediate

regime.11 (F) An example of a replication of a nanoporous polystyrene template by silica obtained in

the viscous drag regime.12
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instance, metal oxide2 and polymer3,4

coatings with extremely well ordered

nanopores were prepared using the Evap-

oration-Induced-Self-Assembly method.5

Among the various methods available to

perform liquid deposition, dip-coating has

always been themost attractive onebecause

of its simplicity and easiness to operate, and

because no solution is wasted and it offers

a relatively fair control over the thickness.

However some drawbacks are associated to

this technique. First, one faces the difficulty

to homogeneously wet the substrate, espe-

cially when high surface tension solvents,

such as water, are used. The thickness

becomes difficult to control when ultra-thin

(<20 nm) or ultra-thick (>1000 nm) layers

need to be prepared from highly diluted or

highly viscous solutions. Another challenge

concerns the deposition onto porous

substrates, or onto porous layers, such as in

the case of multilayer systems involving

ITO, FTO, or sputtered Au for instance,

withinwhich the solubilisedprecursorsmay

infiltrate andmodify their initial properties.

Another important obstacle common to all

CSD methods resides in the formation of

cracks often resulting from the presence of

lateral tensile stress occurring during

drying, and/or consolidation.6,7 This is

especially encountered for thick and hard

ceramic layers, forwhich the adhesion force

to the substrate may not be sufficient to

overcome the lateral tensile stresses. Even if

this technique is commonly used in R&D

laboratories and industries in various fields

of applications, not much effort has been

dedicated to solve the latter problems or

even to better understand the involved

physical–chemical phenomena so as to

exploit further the potential of this simple

process.

Here, we report on the most recent

progresses made in the control of the dip-

coating process and how they can partly

solve the latter associated drawbacks. The

discussion is based on a recent innovative

study of the variation of film thickness

and quality with respect to the withdrawal

speed and to the atmosphere of evapora-

tion. A simple semi-experimental model,

describing the whole relation linking the

chemical and the processing conditions to

the final film thickness, is reported.8 The

latter model has been verified for dense,

porous, polymeric, ceramic and

composite films. The following behav-

iours that contrast with what is usually

admitted are addressed.
17034 | J. Mater. Chem., 2011, 21, 17033–17038
- The thickness does not always

increase when the withdrawal speed

increases, since a reverse tendency is

observed in an additional regime of

deposition taking place at ultra-low

withdrawal speed, where evaporation and

capillary convective effects govern the

deposition rate.

- Any aqueous solution can easily be

deposited when proper processing condi-

tions are applied.

- Ultra-thick and ultra-thin films can be

prepared directly from the same initial,

highly diluted or highly concentrated,

precursor solution (aqueous or organic

media).

- Porosity of the substrate, or of the

underlying layer, is not always a problem

and can either be eluded or properly uti-

lised, especially in nanocasting

procedures.

- The critical thickness for which crack

formation occurs can be considerably

increased if the capillary regime of depo-

sition is selected.
This journ
A global scheme describing the funda-

mental of the dip-coating process and the

more recent progresses achieved by

applying the conventional process in non-

conventional conditions is illustrated in

Fig. 1. Parts A and B at the bottom

describe the driving forces and the chem-

ical and processing parameters that

govern the deposition and the final thick-

ness. The equation (part C) links the final

thickness to the solution chemical and

processing conditions and is composed of

2 main terms: the rate of evaporation

divided by the speed (Eu�1) that describes

the capillary regime of deposition (the red

part of the graphic) and the solution

physical chemical characteristic times the

speed (Du2/3) that describes the viscous

drag regime of deposition (the blue part of

the graphic). An intermediate regime,

described by both intermixed regimes, is

present (the green part of the graphic).

Parts (D), (E) and (F) inform on which

regime is preferable to choose to elaborate

which systems, together with microscopic
al is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c1jm12837j


Pu
bl

is
he

d 
on

 1
2 

Se
pt

em
be

r 
20

11
. D

ow
nl

oa
de

d 
by

 P
en

ns
yl

va
ni

a 
St

at
e 

U
ni

ve
rs

ity
 o

n 
15

/0
9/

20
16

 2
0:

59
:1

5.
 

View Article Online
images of selected typical systems. All

information gathered in Fig. 1 is discussed

in detail in what follows.
Dip-coating mechanism and
thickness control

In the dip-coating method, the substrate is

successively dipped into the solution and

withdrawn at a constant speed. A layer of

the non-volatile species is obtained above

the drying line. Appropriate solvents are

usually alcohols because they have low

surface tension and are fairly volatile to

promote relatively fast evaporation. The

Landau–Levichmodel,9which relies on the

gravity induced viscous drag opposing the

adhesion of the fluid on the substrate for

a Newtonian and non-evaporating fluid, is

usually referred. It predicts that the equi-

librium thickness depends on the density,

the surface tension, and the viscosity of the

fluid and is proportional to the withdrawal

speed at the power 2/3.

This tendency is only verified in a narrow

range of speed centered around a few

mm s�1. A power of 1/2 has even been

reported for some SiO2 and TiO2 based

systems and in specific conditions (solution

viscosity and density, and withdrawal speed

range).13 Some works have been conducted
Fig. 2 (A) Evolutions of final film thickness with t

(FMS), polyethylene oxide-based block copolymers

evolutions of final film thickness with the withdrawa

final film thickness with the withdrawal speed depe

This journal is ª The Royal Society of Chemistry
to improve this model using simplified

systems.14–19 However, they all fail to verify

the corresponding experimental tendencies

becausemost of the dip-coated solutions are

non-Newtonian as a result of their viscosity

and surface tension that are continuously

modified upon solvent evaporation and/or

simultaneous polymerisation. While dip-

coating can be used to deposit biomolecules,

polymers or metallic nano-particles,20–23 it is

widely applied to perform metallic oxide

coatings from sol–gel solutions.24 Fig. 2A

displays the log–log evolution of the thick-

ness of various sol–gel-based films versus the

withdrawal speed.8 It clearly shows that two

independent, and opposite in tendency,

regimes of deposition exist at ‘‘extreme’’

speeds, while they counterbalance at inter-

mediate speeds to create a minimum. Dis-

regarding all evaporation dependent

quantitative parameters and examining only

the slopes, the viscous drag regime, charac-

terised by the Landau–Levich model, was

verified for speedsabove1mms�1. Similarly,

the capillary regime, where the deposition is

governed by the combination of convective

capillarity and evaporation effects, is found

at speeds below 0.1 mm s�1. The interme-

diate regime is thus located between 0.1 and

1 mm s�1, where the minimal thickness is

obtained. For all speeds, the thickness is
he withdrawal speed for various kinds of systems8 su

(F), mesoporous TiO2 (FTi) and (Bti), dense mixed

l speed depending on the atmospheric temperature (m

nding on the dilution (mesoporous hybrid SiO2 syst

2011 J. M
perfectly described by the sum of the

contributionof each regime,which led to the

semi-experimental model (equation, Fig. 1

(C)).8 It shows that one does not have to

integrate time-dependent phenomena such

as viscosity variation, evaporation cooling,

and thermal Marangoni flow to predict the

thickness. Ultra-low to ultra-thick films can

be prepared using the same solution with

a good control on the thickness. Because the

capillary regime is governed by the evapo-

ration rateE, the speed of deposition can be

considerably increased using warm air. It

can also be used to prepare optical quality

films from aqueous solutions, since water

surface tension decreases with increasing

temperature. The typical evolution of the

film thickness versus withdrawal speed with

atmospheric temperatureand initial solution

dilution is shown in plots of Fig. 2B and C,

respectively. While, modifying the dilution

leads to a variationof the final thickness that

is roughly similar in both regimes, increasing

the atmospheric temperature induces faster

depositiononly in thecapillary regimedue to

faster evaporation rate. Detailed descrip-

tions of the tendencies can be found in ref. 8.

In view of these observations, it is clear that

thedegreeof control, involvingchemical and

processingparameters, ismuchbetter in dip-

coating than in any other CSD processes,
ch as mesoporous silica (FSi) and hybrid silica

TiO2–SiO2 (TiSi) or pure SiO2 (Si). (B) Typical

esoporous TiO2 system). Typical evolutions of

em).

ater. Chem., 2011, 21, 17033–17038 | 17035
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whichmakes itmore attractive, versatile and

accurate.

Ultra-thin (nanostructured)
layers

According to the relation between the final

thickness and the withdrawal speed, it is

clear that theminimal thickness that can be

obtained from one given solution corre-

sponds to the intermediate specific speed

when both regimes of deposition perfectly

counterbalance each other. At this critical

speed, reducing the thickness further down

to a few nanometres necessitates the dilu-

tion of the initial solution (see Fig. 2(C)).

These extreme conditions have been

recently exploited to produce nano-

structured Inorganic Nano Patterns

(INP)11 that are ultrathin (4–15 nm thick)

metal oxide (TiO2, Al2O3, and ZrO2) layers

bearing ordered nanoperforations (10–80

nm in diameter) through which the surface

of the substrate (e.g. Si, glass, FTO, ITO,

Au, or any other porous or dense layer) is

accessible (see Fig. 3). Because of their

thinness, they can be seen as ordered

heterogeneous nanostructured surfaces.

They have been utilized as substrates for

selective local growth of nanoobjects such

as (i) FePt nanoparticles using
Fig. 3 (A) SEM image of a typical ZrO2 Inorgan

precursors (ZrCl4), and some of their utilizations as

and C: systems obtained from ZrO2 INP; D, E and

17036 | J. Mater. Chem., 2011, 21, 17033–17038
electrodeposition,25 (ii) Prussian blue

analogue nanoparticles using layer by layer

construction,26 (iii) CoPt nanostructured

multilayer using sputtering,27,28 or (iv) Ge

nanoparticles using solid dewetting29 for

data storage systems. They have also been

used as surfaces with controlled wetting

properties,30,31 as a component for antire-

flective self-cleaning layers,32 or to prepare

ultra-nano-electrode arrays.33–35 Micros-

copy images illustrating some of these

systems are given in Fig. 3.

Ultra-thick (nanostructured)
layers

In the Landau–Levich regime, building

ultra-thick films is limited by the gravity-

induced draining, while in the capillary

regime, one can indefinitely increase the

thickness by reducing thewithdrawal speed.

However, and very often in the case of

inorganic coatings, increasing the thickness

of the final film is not limited by the depo-

sitionprocessbutmoreby thecracks created

by the lateral tensile stress induced by the

densification of the layer. The solution to

reduce this effect is to avoid using interme-

diate precursors that would create high

cross-linking-induced-shrinkage after

deposition.Aqueous solutions are thus ideal
ic NanoPatterns (INP) made by dip-coating ultra

heterogeneous substrates for selective nucleation gro

F: systems obtained from TiO2 INP).

This journ
since they contain oxo, aquo and hydroxo

precursors giving minimal shrinkage upon

condensation due to the small size of the

ligands. While depositing aqueous solution

in the Landau–Levich regime is difficult due

to the high surface tension of water, it can

easily be achieved in the capillary regime.

For instance, crystalline mesoporous

TiO2 coatings have been prepared from

simple TiCl4, H2O and PEO-PPO-PEO

block copolymer template solutions, with

thickness above 500 nm in one step,10

which has never been achieved from

classical alcoholic solutions (see Fig. 1D).

This approach has also been successfully

applied to prepare the first MOF films

from colloidal solutions36 of MIL-8937 or

ZIF-8,38 as illustrated in Fig. 4. This

regime is also well suited for deposition of

aqueous solutions with extremely low

concentrations, such as metallic colloidal

solutions that are unstable at high

concentrations.
Impregnation of the porosity

Coming back to the thick layers of meso-

porous TiO2, above 500 nm thickness in

one step is a good performance but thicker

films are often required for energy conver-

sion and detection threshold in sensing for
thin layers of block-copolymers and inorganic

wth or as components for multilayer systems (B

al is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c1jm12837j


Fig. 4 (A) Effect of the withdrawal speed on

the thickness obtained from an ethanolic

colloidal solution of ZIF-8 with two different

concentrations (0.2 mol L�1 up and 0.02 mol

L�1 down) at room temperature. (B) Optical

photograph of a 1� 5 cm2 sample composed of

ZIF-8 nanoparticle films deposited on Si wafer.

Films were obtained at 0.01 mm s�1 (left) to

1 mm s�1 (right). (C) SEM image of a typical

200 nm thick organisation of the ZIF-8 nano-

particles on the surface.

Fig. 5 (A) SEM image of the surface of

a nanocrystalline ZnO mesoporous film ob-

tained by impregnation and replication of an

initial mesoporous SiO2 template layer. (B)

Corresponding water adsorption/desorption

isotherm obtained by Ellipsometry Porosim-

etry, revealing 70% vol porosity composed of

homogeneous 7 nm size pores. See ref. 42 for

experimental details and interpretation.
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instance. The most developed method,

especially used for stack heterogeneous

multilayers,39 involves several successive

depositions, which is rendered delicate due

to the possibility for the precursors to

impregnate the porosity of the underlying

layer.40 Preventing the inorganic precursor

to infiltrate theporosity ispossiblebyfilling

up this latter by an organic pore-blocking

agent that can be removed afterward. Such

a blocking of the porosity has been ach-

ieved by liquid deposition/infiltration of

F127 copolymer into 400 nm thick meso-

porous TiO2 films. Four successive depo-

sition cycles led to the preparation of close

to 2000 nm thick final mesoporous TiO2

films, with a top porosity identical to the

bottom one.10Due to the robustness of the

protocol, the thickness can be infinitely

increased if desired.

Infiltration can also be used to replicate

the porous network of a template coating.

The procedure involves the infiltration of

precursors, the condensation within the

porosity and the elimination of the initial
This journal is ª The Royal Society of Chemistry
solid template. Dip-coating is well adap-

ted to homogeneously infiltrate networks

of nanopores since air from the porosity is

easily replaced by the solution due to the

unidirectional progression of the linear

meniscus (surface/solution/air triple line)

upon withdrawing. When evaporation

occurs, the constant increase of the

concentration in non-volatile species

induces the osmophoresis diffusion of

these species into the porosity. The final

step concerns evaporation from the

porosity. At this point the liquid/vapour

interface is defined by the pore size and

a highly curved meniscus progresses from

the top to the bottom of the template in

each pore, simultaneously depositing the

precursors at the surface of the porous

network. An extra layer of precursor can

be formed at the surface if an excess of

solution was initially dip-coated.

However, in some cases, several impreg-

nation cycles are necessary to optimise the

filling of the porosity. Replication of

mesoporous silica films by crystalline

SnO2
41 or ZnO42 has been reported. In

these cases, only 60% of the initial porous

volume could be infiltrated due to the

progressive occlusionof the porosity (pore

blocking) upon cycling. However, the

nanostructured periodicity and symmetry

have been retained after SiO2 dissolution

in KOH, and the final porosity corre-

sponds exactly to the reverse of the initial

SiO2 template (see Fig. 5).

Infiltration by sol–gel solutions was also

applied to replicate ordered nanoporous

polymer layers. The initial template is ob-

tained by liquid deposition of a block

copolymer layer, such as PS-b-PLA or PS-

b-PMMA, onto a substrate followed by

controlled microphase separation, UV

reticulation of the PS network and selective

chemical etching of the counter block in

alkaline solution.3,4 The final PS template

coating bears hexagonally ordered trans-

versal cylindrical nanopores. Replication of

this PS template by titano-silica composi-

tions led to the formation of a unique

nanoporous film morphology made of an

array of vertical nanopillars supporting

a plain layer of the same composition (the

roof), as shown in Fig. 6.12 While the

dispersion, the diameter and the height of

the pillars are controlled by the PS template

characteristics (relative and absolute poly-

mer block length and template thickness),

the thickness of the roof is controlled by the

excess amount of sol–gel solution.12 The
2011 J. M
latter morphology in Pillar Planar Nano-

Channels is highly suitable for separation

and analysis in nanofluidic applications.

Indeed, these porous networks are highly

homogeneous and free of dead-ends,

making them highly suitable media to

convey fluids. In addition, the inter- and

intra-pillar porosities and chemical

composition can be perfectly controlled by

the sol–gel process. As shown in Fig. 6C, if

sufficiently low amounts of sol–gel precur-

sors are deposited, only pillars are formed,

which can be useful in many domains of

nanotechnology for which nanopatterned

materials are required.
Conclusions

These recentprogresses confirmed that dip-

coating is thus much more than a simple

method to prepare films onto substrates

from liquid solutions. In addition to the

possibility of accurately adjusting the

amount of material that can be deposited,

and therefore the thickness of the final film
ater. Chem., 2011, 21, 17033–17038 | 17037

http://dx.doi.org/10.1039/c1jm12837j


Fig. 6 (A) Preparationmethod of Pillar PlanarNanochannel (PPN) by replication of a nanoporous

polystyrene template involving the dip-coating/infiltration by a sol–gel solution. (B) TEM image of

the profile of titanosilicate PPN. (C) Pillars obtained by replication of the PS template without

deposition of an excess of the solution at the surface.
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(in the range of 10 to 1000 nm) using the

same initial solution, the process is ideally

combinable with molecular, macromolec-

ular and nano-particular self-assembly to

prepare nanostructured materials. This is

due to the facile controlled modification of

the wet layer composition through

dynamic exchange with the atmosphere by

altering the vapour pressure. Two regimes

of deposition, governed either by capillary

rise or viscous drag, both counterbalanced

by evaporation, permit starting from

virtually any kind of solution, even purely

aqueous ones, and to favour either fast or

slow assembly of non-volatile species onto

the surface, which is impossible to achieve

with spin or spray coating. Dip-coating is

also highly suitable to homogeneously

impregnate a porosity as a result of the

progressive evaporation that tends to drag

solutes within the porous network upon

solvent departure. Finally, it is a low-cost,

waste-free, low energy consumption,

simple, easy to access, and facile to scale up

technique that will with no doubt naturally

self-impose even more in the coating

community in the future. However, effects

of many other processing parameters on

the final structure and morphology of the

films still need to be explored.
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