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Abstract

Thin polymer films of poly(vinylidene fluoride) were prepared with electrospray. Effects of solvent, initial spray concentration, temp
solution conductivity, and polymer size on the film morphology were studied with AFM. The two main factors controlling polymer film
phology are the droplet size of the spray and the viscosity of the solution at deposition. These factors determine the flow of the polym
mixture over the substrate, the density of the film, and its smoothness. The solvent is a key parameter of the entire process. It affects sp,
polymer solubility, droplet size of the spray, and viscosity of the solution at deposition. Solvents with a low vapor pressure provide a w
dow for optimization of other parameters and are therefore preferred over solvents with high vapor pressure. The viscosity at depositio
controlled with the initial spray concentration, polymer size, temperature, and droplet size. The droplet size is best controlled by the coty
of the solution and the flow rate of the spray.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Interest in electrospray, also known as electrohydrodyna
atomization, has been present for centuries; a liquid unde
fluence of a high electric field is drawn into the direction
the field and may emit droplets. If the electric field is stro
enough, a cone appears from which a mist of very fine drop
emanates; the so-called cone-jet, first theoretically describe
Taylor [1]. Despite the interest, applications with electrosp
have not been manifold for a long time. In the late eigh
Cloupeau et al.[2–4] gave one of the first thorough empir
cal descriptions of the conditions of cone-jet formation. One
the most important applications was developed around the s
time, electrospray mass spectroscopy by Fenn[5] to produce
single, charged molecules for mass analysis. In the nin
many more empirical and theoretical studies of electrospray
lowed, mainly focused on aerosol technology[6–15].
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Interest grew in electrospray preparation of thin fil
[16–18]and electrospray of polymers[19,20], which were log-
ically combined in electrospray studies for film and coatin
prepared with polymers[21–28]. Fabrication of thin polyme
films is difficult due to the large molecular size and prop
ties like chain entanglement and high viscosity. As a resu
the high solution viscosity two types of polymer electrosp
evolved: polymer coatings by regular electrospray[21–25]and
electrospinning[26–28]. With regular electrospray, small poly
mer particles are formed from dilute concentrations which f
on the substrate into a continuous film.

Poly(vinylidene fluoride), PVDF, led to a specific interest
the usage of electrospray. PVDF is a ferroelectric polymer
its ferroelectricity is dependent on the crystal structure of
polymer[29]. The ferroelectric crystal structure can be induc
by applying very high electric fields (MV/cm). Electrospray re
quires high electric fields and has been successfully comb
with the fabrication of ferroelectric PVDF films[21,22,30]. Fer-
roelectricity makes PVDF an interesting material for ultra-t
films prepared under precisely controlled conditions. Moreo
PVDF is a relatively inert polymer, which makes it a suita
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candidate for thin coatings. Both properties led to the us
PVDF in this study.

Despite the growing interest in polymer electrospray, o
recently a few surface morphology studies based on SEM
ages have appeared, analyzing surface morphology of
trosprayed polymer films as a function of several para
ters[31–33]. In one paper a thorough account is given on
effect of solvent, voltage (or charge), flow rate, and concen
tion on a biological polymer[31]. Also a paper on the precis
control of quantity and location appeared[34]. However, pre-
cise control of polymer film morphology is not well-understo
yet. Especially the production of nanometer thick polymer fil
is still difficult, due to the multitude of parameters that affect
electrospray result. The aim of this paper is therefore to si
out the parameters, which are the most convenient to co
polymer film morphology.

Polymer film morphology in terms of smoothness a
strength (network formation) depends on the polymer par
size and the spread of polymer on the substrate. Smaller s
droplets will result in smaller particles and a smoother fi
A certain level of restricted flow will promote network form
tion of the polymers; high droplet viscosity on the substrate
result in a film of dry, loose polymer particles, and low viscos
will result in polymer, being washed away from the substr
A precise control of the interplay between droplet size, pa
cle size, and viscosity is, therefore, the key to control the
morphology.

An advantage of electrospray is the fact that the droplet
can be controlled. On the other hand, many parameters i
ence the electrospray process and therefore also the dr
size. The parameters which control the electrospray pro
and the parameters which determine the droplet size are kn
and their relationships have been well studied[9,10,15]. This
is important, because an analysis of these studies will a
a systematic choice of parameters that need to be thorou
investigated for polymer film production. Of course, other
rameters might still have an influence on spray stability, but
is thoroughly studied in the previously cited studies and m
other references therein[4,10,35,36].

Ganan-Calvo used an analytical approach to extend Tay
electrostatic solution[1] and obtained an expression for the c
rent (I ), transferred by the droplets in the electrospray proc
as a function of the flow rate (Q) and the conductivity (K) of
the sprayed liquid[9]:

(1)I = 4.25

[
QKγ

ln(QρK/γ ε0)1/2

]1/2

,

whereγ is the surface tension,ρ is the density of the spraye
liquid, andε0 is the vacuum permittivity constant. Equation(1)
was obtained under the condition that the jet emanating f
the cone was thin enough in diameter to have a flat velo
profile; the liquid velocity at the surface of the jet has to be
the same order as in the center of the jet. The scaling law pr
to be applicable to a wide range of different liquids[9].

The analytical approach of Ganan-Calvo does not con
droplet break-up; therefore it cannot determine the size o
droplet on a pure theoretical basis. It can, however, determ
f
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the diameter of the jet at the estimated position of break
which is related to the droplet diameter (d) [9]:

(2)d = 3.78π−2/3
(

ρε0Q
3

γK

)1/6

fb,

wherefb is the nondimensional radius of the jet at break-up
a constant value of 0.6 provides reasonable fits with a varie
literature data[9].

Hartman et al. derived a similar but simpler current sca
law for a flat velocity profile in the jet[36]:

(3)I ∼ (γQK)1/2.

Hartman et al. also derived a scaling law for the droplet dia
ter [15]:

(4)d ∼
(

ρε0Q
4

I2

)1/6

.

It is important to note that Eq.(4) is valid irrespective of a
flat velocity profile in the jet. If a flat profile is present, Eq.(3)
can be substituted into Eq.(4), resulting in Eq.(2). Prefactors
are not given in the references of Hartman et al.[15,36].

Hartman et al. also identifies two break-up regimes for
jet, the varicose break-up, and the whipping jet break-up. S
the latter regime has a broader droplet size distribution, vari
break-up is preferred in applications. The whipping jet reg
occurs when the ratio of the normal electric stress and the
face tension exceeds 0.3. This ratio is difficult to determin
practice, because precise knowledge of the droplet veloci
jet break-up is necessary. The droplet size in the whipping
regime, however, is limited by the electric stress and can be
culated with the use of the Rayleigh limit of electric charge
a droplet[15]:

(5)d =
(

0.8
288ε0γQ2

I2

)1/3

.

The factor 0.8 is according to Hartman the best value for
droplet stress ratio. Which equation to apply can be determ
by comparison of the results of Eqs.(4) and (5); the one yielding
the smallest droplet size is the correct equation. It also indic
if the jet is in the varicose mode or the whipping mode[15].

The equations provide the parameters that can be chang
adjust the size of the droplet and of the resulting polymer p
cle in the droplet. The two most obvious parameters to use
the conductivity and the flow rate. The other variables are
vent properties (density, surface tension, or dielectric const
which cannot be changed separately. In this paper the sol
conductivity was chosen to control the droplet size, since fl
rate together with the electric field and some solvent pro
ties were reserved to control spray stability. It is known that
electric field also influences the droplet size[14], but the effect
is small and can be explained in terms of flow rate and con
tivity [15].

The solution viscosity is completely absent from the sc
ing relationships. Although viscosity has a strong influence
the presence of a flat velocity profile[10], necessary for the va
lidity of Eqs. (1)–(3), the validity may be ensured over a wid
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viscosity range due to the small diameter of the jet[9]. Fur-
thermore, Hartman et al. studied the effect of viscosity on
development of the jet. It appears that viscosity increases
wavelength of the varicose fluctuation on the jet. The size
the wavelength is proportional to the droplet size. Howe
viscosity also slows down the jet break-up (compare to e
trospinning, where break-up does not occur at all), resul
in a thinner jet. The thinner jet and the larger varicose wa
length seem to compensate each other, resulting in compa
droplet sizes under similar conditions for liquids with a wi
range of viscosities (0.4–20 mPa s)[15]. Although the role of
the viscosity is not completely resolved, one can conclude
Eqs.(1)–(4)will apply for dilute polymer solutions that have
viscosity between 0.5 and 10 mPa s.

The surface tension is not solely a solvent property, sinc
can be modified by surfactants. However, surfactants are no
fective in the cone-jet process. Static surface tension induce
surfactants establishes in the order of seconds, due to the n
sary molecular rearrangements at the surface of a liquid[37,38].
Electrospray is a fast dynamic process in a steady state, w
processes take place in microseconds or faster[15,39]. Since
this is not a static equilibrium situation, static equilibrium s
face tension cannot apply. The surface tension will be ma
depending on the major compound, the solvent, with a v
which may deviate from its own static equilibrium value.

The foregoing discussion has reduced the suitable par
ters to control the droplet size, to flow rate and liquid co
ductivity. The main objective of this study becomes theref
how to control the viscosity of the droplet at deposition, wh
controlling the droplet size of the spray with the liquid cond
tivity. The main and very important requirement in this pape
a stable cone-jet spray, which highly depends on the varia
of Eqs.(1)–(4). The cone-jet is in general stable for a spec
range of conductivity and flow. More about spray stability c
be found in Refs.[4,10,15,35, and references therein].

In the following sections a study of PVDF films with AFM
and thickness profiling is presented. In a few cases infra
spectroscopy was used to determine the presence of so
in the films. The effect of concentration, spray distance, sp
time, size (polymer-oligomer), temperature, conductivity, a
solvent on the film morphology is discussed.

2. Materials and methods

Poly(vinylidene fluoride) was purchased from Sigma–A
rich, Mw = 534,000 g/mol. N ,N -dimethylformamide 99.7%
and acetone 99.5% were obtained from Nacalai Tesque, J
VDF-oligomer,Mw = 1982 g/mol, was provided by Daikin
Japan. Ammonium nitrate 99.0% was purchased from W
Ltd., Japan. All chemicals have been used as purchased. S
wafer was used as substrate (resistance= 1–5�cm), purchased
from E&M, Japan. Wafers were all cleaned before use with a
tone in an ultrasonic bath for at least 15 min.

Polymer solutions were made by weighing the appropr
amount of polymer in DMF or acetone. After an ultraso
treatment of 30 min, the solutions were allowed to dissolve
at least one night. Solutions with increased conductivity w
e
e
f
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Fig. 1. The ring is positioned at the tip of the nozzle. The ring and nozzle in
drawing are not to scale. The diameter of the metal ring is 17 mm and its t
ness is 2 mm. The outer diameter of the nozzle is 0.36 mm, the inner dia
is 0.36 mm, and the total length of the nozzle is 40 mm. The potential o
ring is 3.0 kV. The potential of the nozzle is adjusted as indicated in the te

prepared by dissolving the appropriate amount of ammon
nitrate in DMF and were subsequently used for the prep
tion of polymer solution. The conductivity was checked w
a Horiba pH conductometer D-54 and the Horiba conducti
cell 3551.

The films were prepared with an in-house constructed e
trospray chamber. The capillary, made of stainless steel, h
outer diameter 0.36 mm and an inner diameter 0.1 mm
a flat tip. The tip of the capillary has been placed in the c
ter of a thin metal ring (2 mm thick) with a diameter 1.7 c
as shown inFig. 1. The capillary is perpendicular to the pla
of the ring, which has a constant potential 3.0 kV. A poten
range 0–20 kV can be applied to the capillary, with posit
bias. The sample holder can be displaced from 0 to 12 cm f
the capillary. The sample holder is connected to ground v
currentmeter. The current was monitored during every exp
ment with a Keithley 6517 electrometer. A constant liquid fl
was provided with a syringe pump Model 22 of Harvard
paratus. High potential was supplied with devices constru
in-house and containing Ultravolt Inc. voltage supply modu

The liquid flow rate during the experiments was 2 µl/min for
DMF and 3 µl/min for acetone. Flow rate was used in combin
tion with the potential to ensure a stable cone-jet. The volt
range for a stable cone-jet spray shifts slightly with dista
and with sprayed solution; in the case of DMF for 1 cm
range is 5.15–5.60 kV, for 2 cm 5.30–5.75 kV, and for 4
5.55–6.10 kV, in the case of acetone for 2 cm the range is 4
5.00 kV. A stable cone-jet spray exists within these rang
Outside the given ranges a cone-jet can exist, however it ma
prone to fluctuations. Samples with high conductivity nee
on average a 0.3 kV higher potential to ensure a stable s
than the volt-ranges mentioned above. The spray stability
tested before the actual film production and if necessary, the
tential was slightly adjusted in accordance with the distance
conductivity.

The films were prepared in a nitrogen atmosphere wit
humidity level of 5% or lower, because a constant humidity
peared to be of great importance to obtain reproducible fi
To remove the solvent vapor, due to the evaporating solve
the spray, the chamber was continuously flushed with a flo
10 L/min nitrogen gas. It was ensured that the flow of nitrog
did not disturb the cone-jet spray.
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After preparation, films were imaged with JEOL SPM 42
Imaging was done with tapping mode and low force on the c
tilever (NSG10 cantilevers from NT-MDT, Russia). In all cas
images of 20× 20 and 5× 5 µm were obtained. In some cas
1× 1 µm images were also taken. The 20× 20 µm images were
used to determine the roughness average parameter as pre
in Section3.

Thickness profiles of the films were measured with the K
Tencor P-15 Profiler. Infrared measurements on some fi
were performed with the JEOL JIR 7500 EM.

3. Results

The data for all samples of PVDF in DMF are presented
Table 1. The data concerning PVDF in acetone are shown inTa-
ble 2and the data concerning VDF-oligomer sprayed in D
are presented inTable 3. In all tables the sample number, co
centration in weight percentage (wt%), conductivity (µS/cm),
spray distance (cm), spray time (min), film thickness (n
roughness average (nm), and density (g/cm3) are given. All
samples were sprayed at 20◦C except two samples, 13 and 1
which were sprayed at 40◦C. As far as it could be determine
with infrared measurements, films prepared with acetone
-
,

nted

s

,

d

not contain any residual solvent. All films prepared with DM
contained DMF, although it was not possible to determine
exact amount. A number of films, especially samples 6, 31
33, and 37, were visibly wet and had clear impact of dropl
Roughness data of those samples and in some cases, thic
data could not be determined.

The amount of deposited material was calculated from
concentration, flow rate (2 µl/min for DMF, 3 µl/min for ace-
tone), and spray time. The film volume was calculated us
thickness data and the diameter of the spherical deposit. F
those two values the density follows. The error in the densi
large, due to uncertainties in the amount of deposited mate
radius, and, especially, film thickness. In certain cases, the
were extremely soft or not continuous on microscopic scal
the density is placed between brackets, the error is expect
be >50%. Density values are meant to give a general ide
how deposition conditions affect the film.

The sturdiest samples were made with high solvent con
tivity and those samples demonstrate that the density of P
films is highest if sprayed with DMF. PVDF films sprayed w
acetone seem to have a somewhat higher density than
made of VDF-oligomer. Determination of VDF-oligomer fil
thickness was hindered by the softness of most samples.
u

Table 1
Solutions of PVDF in DMF: sample number, concentration, and conductivity. Electrospray parameters: spray distance and time. Properties of the reslting films:
thickness, roughness average, and density. The conductivity of the solutions was adjusted with ammonium nitrate

Sample Concentration
(wt%)

Conductivity
(µS/cm)

Distance
(cm)

Time
(min)

Thickness
(nm)

Roughness
(nm)

Density

(g/cm3)

1 0.005 1.4 2 135 150 130 0.47
2 0.015 1.4 2 45 70 47 1.12
3 0.05 1.4 2 15 75 16 1.10
4 0.15 1.4 2 10 100 14 1.66
5 0.5 1.4 2 5 250 21 0.99
6a 0.015 1.4 1.5 25 – – –
7 0.015 1.4 2.5 70 50 35 1.57
8 0.015 1.4 3 100 50 24 1.50
9 0.005 1.4 4 135 22 20 1.23

10 0.015 1.4 4 45 60 35 0.45
11 0.05 1.4 4 15 190 32 0.13
12 0.05 1.4 4 60 330 58 0.30
13b 0.05 1.4 1.5 10 120 6.4 1.19
14b 0.05 1.4 1 4.5 110 9.4 1.47
15 0.05 1.4 2 45 190 21 1.04
16 0.05 1.4 2 135 480 41 1.12
17 0.05 5.6 2 15 50 20 1.23
18 0.05 15 2 15 44 11 1.27
19 0.05 43 2 15 25 14 1.71

a Film washed away from the substrate due to an excess of solvent.
b Samples sprayed at 40◦C instead of 20◦C.

Table 2
Solutions of PVDF in acetone, electrospray parameters, and properties of the resulting films. The conductivity of the solutions was adjusted with ammonium nitrate

Sample Concentration
(wt%)

Conductivity
(µS/cm)

Distance
(cm)

Time
(min)

Thickness
(nm)

Roughness
(nm)

Density

(g/cm3)

21 0.005 1.9 2 30 200 85 0.28
22 0.015 1.9 2 30 300 143 0.56
23 0.05 1.9 2 10 250 165 1.04
24 0.05 17 2 10 170 141 0.62
25 0.05 48 2 10 100 132 0.77

Harbutt Han
下划线
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Table 3
Solutions of VDF-oligomer in DMF, electrospray parameters, and properties of the resulting films. The conductivity of the solutions was adjusted with ammonium
nitrate

Sample Concentration
(wt%)

Conductivity
(µS/cm)

Distance
(cm)

Time
(min)

Thickness
(nm)

Roughness
(nm)

Density

(g/cm3)

31a 0.005 1.7 2 135 250 – 0.30
32a 0.015 1.7 2 45 200 – 0.42
33a 0.05 1.7 2 15 200 – 0.51
34 0.005 1.4 4 135 50 11 0.54
35 0.015 1.4 4 45 26 42 1.04
36 0.05 1.7 4 15 50 26 0.35
37b 0.05 1.7 1 8 – – –
38 0.05 17 2 15 130 14 0.39
39 0.05 46 2 15 100 55 0.50

a Film too rough to determine roughness average value.
b Film washed away from the substrate due to an excess of solvent.
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Thickness of the samples is not only a function of the amo
of deposited material but also depending on spray conditi
such as conductivity, distance, and solvent. Different spray
ditions give rise to a wider or narrower cone of droplets. T
area covered by the spray can therefore differ extensively
tween experiments, which makes direct comparisons betw
film thicknesses difficult.

The roughness average (Sa) is the average height (z) differ-
ence, determined in the following way:

(6)Sa = 1

MN

M−1∑
k=0

N−1∑
l=0

∣∣z(xk, yl) − µ
∣∣

and

(7)µ = 1

MN

M−1∑
k=0

N−1∑
l=0

z(xk, yl),

whereM andN are the total number of pixels for thex andy

axis, respectively. In all cases 20× 20 µm AFM images have
been used to determine the roughness average.

To check the validity of Eqs.(1) and (3), they were plotted
as function of the measured current. Both relationships fit
data fairly well; Eq.(3) gives the best fit, as can be seen
Fig. 2a. Given that the current scaling applies for all sample
is safe to conclude that electrospray took place in the con
mode and that Eqs.(2), (4), and (5)can be applied. With us
of the measured current as input and the prefactors of Eq(2),
takingfb = 0.6, the droplet size was calculated. The prefac
are not very important in this case, because the relative dro
size is enough to judge how change in droplet size affects
polymer film. There is a possibility, however, that Eq.(5) is
valid. In that case Eqs.(2) and (4)will overestimate the size o
the droplet.

The calculated droplet size can be found inFig. 2b. The left
scale is for the polymer particle size and the right scale is
the droplet size. The solid line is the whipping jet droplet s
for DMF. For acetone this line lies slightly higher (dotted lin
The filled circles are predictions of the droplet size as a func
of the measured current. The crosses slightly displaced up
represent the droplet size for acetone. The displacemen
tween DMF and acetone mainly reflects the difference in fl
t
s,
-

-
n

e

t
et

et
e

r

n
rd
e-

(a)

(b)

Fig. 2. (a) Validity check of the current scaling for Eq.(1) (filled squares) and
Eq. (3) (filled circles). Both equations apply for the present data, Eq.(3) gives
the best fit. (b) Droplet scaling with the current. The effect on the poly
particle size by increase of the current (or conductivity) and change of the
centration. Left scale: triangles: particle size of PVDF in DMF. The decreas
the particle size at 50 nA is due to a decrease in polymer concentration
initial solution. Right scale: spheres: DMF droplet size; crosses: acetone d
size; solid line: limit for varicose jet break-up for DMF (Eq.(5)); dotted line:
limit for varicose jet break-up for acetone (Eq.(5)).

rate and is therefore a good illustration of its effect on dro
size. The triangles are an example of the expected polymer
ticle sizes in the case of PVDF in DMF. The triangles arou
a current of 50 nA illustrate the effect of the decrease in p
mer concentration (0.15–0.005 wt%), whereas the decrea
the triangles with the current represent the effect of the incr
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ing conductivity (samples 3, 17–19). In all cases the varicos
break-up applies, possibly except for the 1.5 µm acetone dr
at a current of about 200 nA (seeFig. 2b).

AFM images of various samples are presented along
the Discussion.

4. Discussion

4.1. Film morphology as a function of solvent: acetone
and DMF

Solvent is an important parameter in electrospray. The
bility of electrospray itself depends, to a large extent, on
properties of the solvent[10,36]. This means that in additio
to polymer solubility, the solvent needs to have proper va
for the relative permittivity, surface tension and in principle
density. Furthermore, the viscosity and conductivity of the
vent may need adjustment. Stable electrospray is a prereq
to obtain well-defined polymer films.

If all requirements for a stable spray in combination w
polymer solubility are met, the main effect of solvent on fi
morphology will be caused by the vapor pressure. This is
lustrated with the effect of DMF (vapor pressure= 0.44 kPa)
and acetone (vapor pressure= 30.8 kPa) on PVDF film mor-
phology. Both samples, 3 (DMF) and 23 (acetone), are prep
under the same conditions and with the same amount of PV
The roughness average and the film thickness are much h
for the acetone sample than for the DMF sample (Tables 1
and 2). The surface of DMF sprayed film is much smoother th
the acetone sprayed surface (Figs. 5c and 3a). Also the height
t
et

h

-
e

s

-
ite

-

d
F.
er

distribution of DMF sprayed film is much narrower (Figs. 4a
and 6c).

In Table 4the particle diameters are given, calculated w
Eq. (4) for the acetone and DMF samples inFigs. 3 and 5. Al-
though some of the DMF produced particles are smaller, D
samples 4 and 5 produce larger polymer particles than an
the acetone samples. Nonetheless, almost all DMF sample
sult in a much smoother film, as follows from the comparis
of Figs. 3 and 5and of the roughness inTables 1 and 3. The
particle size alone can, therefore, not be the main cause o
much higher roughness for acetone spray. The smoothness
be due to an ability to flow, which translates into a difference
viscosity of the droplets at deposition for the DMF solution
comparison with the acetone solution.

No presence of acetone could be detected in the fi
sprayed with acetone. Certain films sprayed with DMF, ho
ever, were visibly wet (sample 6). Furthermore, VDF-oligom
sprayed under the same conditions and with the same
centrations as PVDF, exhibited in a number of cases vis
wet film (compare VDF-oligomer samples 31, 32, and 33 w
PVDF samples 1, 2, and 3). Because the interaction of D
with VDF or with PVDF will be the same, the amount
DMF in the respective, depositing particles will be compara
However, the much longer PVDF polymer molecules caus
much higher viscosity, which results in a moderate flow of
droplets and smooth film formation.

Comparing dry particles obtained with acetone and wet
obtained with DMF, the difference in vapor pressure is the ca
behind the difference in observed morphology. Vapor pres
constitutes a window defining the range of control betw
a smooth, dense, and a rough, loose film. A low vapor p
o the sam

ref
Fig. 3. Concentration dependence of PVDF sprayed in acetone (a) 0.05, (b) 0.015, and (c) 0.005 wt% with inset of zoomed area. The numbers refer tple
number in sample descriptionTable 2. All images are 5× 5 µm, the inset is 1× 1 µm.

Fig. 4. Height distribution histograms for concentration dependence of PVDF sprayed in acetone (a) 0.05, (b) 0.015, and (c) 0.005 wt%. The numberser to the
sample number in sample descriptionTable 2.
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er i
Fig. 5. Concentration dependence of PVDF sprayed in DMF (a) 0.005, (b) 0.015,(c) 0.05, (d) 0.15, and (e) 0.5 wt%. The numbers refer to the sample numbn
sample descriptionTable 1. All images are 5× 5 µm, except (a), which is 20× 20 µm.

Fig. 6. Height distribution histograms for concentration dependence of PVDF sprayed in DMF (a) 0.005, (b) 0.015, (c) 0.05, (d) 0.15, and (e) 0.5 wt%. The numbers
refer to the sample number in sample descriptionTable 1.
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Table 4
Calculated particle diameters (nm) of selected DMF (samples 1–5) and ac
(samples 21–23) samples sprayed under comparable conditions. The dia
have been calculated with Eq.(4) with use of the prefactor of Eq.(2) as de-
scribed in the Introduction

Sample Diameter DMF (nm) Diameter acetone (n

1 and 21 61 73
2 and 22 84 103
3 and 23 118 172
4 194 –
5 250 –

sure solvent facilitates control; therefore DMF is a conven
solvent for electrospray. The amount of solvent present at d
sition can be controlled, which will be shown in the followin
sections of this paper.

4.2. Changing the polymer/solvent ratio at deposition

The most straightforward way to control the polymer/solv
ratio of the droplet at deposition is with the initial concentrat
of the polymer. Various concentration ranges have been m
sured: PVDF in DMF, samples 1, 2, 3, 4, and 5; at 4 cm sp
distance, samples 9, 10, 11, and 12; in acetone, sample
22, and 23; for VDF, samples 31, 32, and 33, and for VDF
4 cm, samples 34, 35, and 36. The AFM images of two c
centration series are shown; PVDF in acetone,Fig. 3 presents
the topographic images andFig. 4presents the height distribu
tion histograms based on a 20× 20 µm area. PVDF in DMF is
shown inFig. 5and the height distributions inFig. 6.

The two series of AFM images (Figs. 3 and 5) show that the
presence or absence of solvent in combination with chan
concentration can have various effects. In the concentratio
ries with acetone the solvent has evaporated before the dr
reaches the substrate. The result is a soft loosely packed
ne
ters

t
o-

t

a-
y
1,

t
-

g
e-
let
m

consisting of only polymer particles and a clear effect of c
centration is hardly noticeable. The only effect is an increas
the number of smaller particles with decreasing concentra
(insetFig. 3c). It is difficult to determine with these images
all particles become smaller as a function of decreasing con
tration as expected from the calculations of the particle ra
in Table 4, but such a decrease is confirmed in separate m
surements in this laboratory (unpublished result) and foun
Refs.[7,20]. The effect of the particle size on film roughne
is illustrated inFig. 7a. Only dry particles deposit on the su
strate when sprayed with acetone and the roughness decr
with decreasing polymer particle size.

The concentration series of PVDF in DMF provides a co
pletely different picture. There is a clear dependence of
surface morphology on the initial concentration. The low c
centration solutions do not result in flat films, which can be s
in the height distributions of the respective surfaces. The s
high peaks on the left in histogramFig. 6a and 6bis silicon
wafer substrate. The roughness average of the lowest con
tration is high and its surface morphology (Fig. 5a) suggests
that the impact of the solvent causes the roughness in this
Apparently a lot of solvent is still present in the deposit
droplets, washing away part of the deposit, exposing the
strate and roughening the polymer surface. In comparison
equivalent sample of VDF-oligomer, sample 31, was too ro
even to determine a roughness parameter with AFM due to
presence of DMF.

The film made with 0.015 wt% (Fig. 5b, sample 2) has reg
ular oval areas of exposed substrate. It is unlikely that sol
impact causes such patterns. The effect is also found in
ple 7 and under different conditions in sample 17 (Fig. 11).
Probably the differences in surface energy of the PVDF–D
mixtures with the silicon substrate in combination with the v
cosity provide a situation where limited dewetting of the film
possible[40]. The idea is that dewetting is thermodynamica
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(b)

Fig. 7. (a) Film roughness as function of the particle size, sprayed with ace
Only the particle size determines the roughness. (b) Film roughness as fu
of particle size resulting from the concentration; all droplet sizes are the
(samples 1–5, sprayed with DMF at 2 cm). The smallest particles show a
higher roughness due to a very low viscosity. The increase of the film rough
at the right side is due to an over-increase of viscosity.

favored for certain concentrations of PVDF in DMF on silic
wafer, possibly assisted by the charge on the droplets[41], but
in most cases prevented by the viscosity and possibly als
the droplet impact.

The three higher concentrations (samples 3–5,Figs. 5c–5e)
provide much smoother film, especially 0.15 wt% (Fig. 5d),
which has the most narrow height distribution and the low
roughness average. The density of the films as function of
centration is fairly constant around 1.10 g/cm3. The 0.15 wt%
film density is even 1.66 g/cm3, which is close to the density o
PVDF (1.74 g/cm3) and is consistent with its smooth surfa
and narrow height distribution.

From Section4.1it is clear that DMF is present in the depo
and its amount decreases relative to the increasing initial
centration of PVDF. The effect of a relative decrease of D
on the film roughness is presented inFig. 7b. The film rough-
ness is plotted as a function of the expected polymer par
size, which is entirely controlled by the initial polymer spr
concentration. The droplet size of the spray is predicted t
the same for all concentrations, which means that for lo
concentrations the polymer/solvent ratio at deposition will
lower and consequently the viscosity will also be lower. A l
viscosity causes the film to be damaged, resulting in a
film roughness. With increasing concentration the viscosity
e.
on
e
h

ss

y

t
-

-

e

e
r

h
-

Fig. 8. Film roughness as function of the spray distance; PVDF in DMF, squ
0.005 wt%, diamond: 0.015 wt%, and triangle: 0.05 wt%. Increasing con
trations show a roughness average minimum at smaller distances. Sin
distance only influences the evaporation of the solvent and therefore di
the viscosity, this graph shows how viscosity influences film roughness.

creases, decreasing the excessive flow and lowering the av
roughness. The increase of the roughness on the right si
the graph is the result of an over-increase in viscosity, decr
ing the flow even more and starting to reflect the increas
particle size like with acetone inFig. 7a. Thus the difference in
surface morphology inFig. 7b is due to the change in viscosit
controlling the flow behavior of the PVDF–DMF mixture. Th
spread of the droplets on the substrate decreases with inc
ing initial PVDF concentration and the optimum concentrat
among the samples is 0.15 wt% PVDF in DMF.

The other concentration series mentioned at the beginnin
this section show morphologies similar to those just descr
or show mixed behavior of partly dry particles smoothed m
or less by the presence of solvent. An example of the la
is the concentration series of PVDF in DMF sprayed at 4
(samples 9, 10, 11, and 12) (not shown). The resulting fi
contain separate particles, however, the roughness averag
ues are not as high as those of acetone. Samples 9, 10, 1
12, also serve as an example of an additional way to co
the polymer/solvent ratio at deposition: changing the spray
tance.

A good impression of how distance influences the surf
morphology can be obtained with samples 2, 6, 7, 8, and
(no images shown), sprayed from 1.5 cm up to 4 cm dista
with 0.015 wt% PVDF in DMF. They follow the same patte
as the concentration dependence inFig. 5. At 1.5 cm, similar
in appearance to sample 1, the amount of DMF in the dep
is too high for a smooth continuous film. The distances 2
(sample 2) and 2.5 cm show a regular hole-pattern in contin
film, as discussed before. At a distance of 3 cm, the rough
average is lowest and the film is similar to sample 3 (Fig. 5c).
4 cm spray distance results in a particle film although smoo
than those sprayed with acetone.

The effect of spray distance on film roughness for these s
ples is shown inFig. 8 in addition to two other concentration
Although in this figure the exact location of the minima ca
not be determined, it can be seen that the roughness mini
shifts to longer distance with lower concentration. Because
lower concentrations the amount of polymer in the drople
smaller, more solvent needs to evaporate to obtain the opti
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ratio of polymer and solvent to form smooth film. In this ca
only the distance is directly responsible for the evaporation
if too much solvent evaporates the roughness increases
due to the fact that particles flow less, like in the extreme c
of acetone.

Increasing the spray distance also increases the surfac
will be covered by the spray. Therefore the combination of c
centration and spray distance can be used to control the si
the covered area. The spraying time will increase with incre
ing distance, which may be a disadvantage.

Temperature can also be used to control the polymer/so
ratio at deposition. A few films have been prepared at 40◦C
with 0.05 wt%. Films made at 40◦C are smoother than film
made at 20◦C (Fig. 9), which is likely due to the combinatio
of the amount of residual DMF and a decrease in polymer
cosity induced by the higher temperature. The substrate
brought closer to the spray nozzle to obtain wet deposi
conditions (at higher temperature the DMF evaporates fa
causing the films to be drier at 2 cm). As can be seen, 1.5
provides the most flat film with the most narrow height distr
ution. Roughness average indicates that sample 13, 0.05
1.5 cm, and 40◦C, is the smoothest film in this study. The de
sity of the films at 40◦C is similar to that of films prepare
at 20◦C. Thus temperature, by influencing both vapor press
and the viscosity directly, can be an important control para
ter for desired film formation conditions.

By studying initial concentration, distance and tempe
ture for any suitable solvent, optimal control over the po
mer/solvent ratio at deposition can be obtained. The p
mer/solvent ratio is an important tool to control the drop
viscosity within the window provided by the vapor pressure
the solvent.

Fig. 9. PVDF sprayed in DMF at 40◦C (a) 1.5 and (b) 1 cm. The numbers ref
to the sample number in sample descriptionTable 1. Both images are 5× 5 µm.
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4.3. Other factors influencing film quality

An additional concentration effect that can be found for a
tone (Fig. 3) and also for DMF at 4 cm spray distance is
shifting particle size distribution. The ratio of smaller par
cles over larger particles is increasing, whereas the decr
of particle size is much less apparent, with decreasing
centration. A bimodal size distribution is expected from
cone-jet break-up[15]. In addition, the size distribution wil
broaden due to charge and liquid release of droplets reac
the Rayleigh limit[42]. The Rayleigh limit will not depend
on polymer concentration, but only on droplet size and cha
Droplets of concentrated solutions might reduce the Rayl
limit induced stress by expelling only charged solvent, incre
ing the entanglement of the polymers in the droplet. One sh
keep in mind that concentrations in the droplet are higher
in the initial solution due to the continuous evaporation of
uid from the droplet. Polymers in the initial solution will be
a dilute solution regime, and barely interact with each ot
Concentrations within a droplet might be close to or in the c
centrated solution regime, where polymers form a network
the initial concentration is decreased, the concentration in
droplet decreases too. The chance for a single polymer m
cule to get entangled with other polymers will decrease. Th
will be more likely that the Rayleigh limit will cause polyme
to be expelled from the droplet together with the small solv
droplets. This will result in a larger quantity of small polym
particles.

The same effect as observed for the acetone samples
pected to occur with the DMF samples. However, due to
smooth films, it is impossible to determine to what extent sm
particles are formed. In any case, the presence of very s
polymer particles will improve the smoothness of the film,
long as the viscosity at deposition is controlled.

The amount of polymer in a sprayed film is a function
the spraying time. Samples 3, 15, and 16 are sprayed unde
same conditions, only the spraying time differs. The densit
not affected. The absolute roughness average increases, b
ratio of the roughness average with the film thickness decre
with spraying time (or with film thickness). Although sprayin
time appears to improve the relative smoothness, the resul
shows that one should be careful when comparing the abs
roughness average of samples of different film thickness.

Fig. 10. (a) 0.05 wt% PVDF in DMF sprayed at 4 cm and (b) 0.05 wt% VD
oligomer in DMF sprayed at 4 cm. The numbers refer to the sample descri
Tables 1 and 3, respectively. Both images are 5× 5 µm.
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r in
Fig. 11. Conductivity dependence of PVDF (0.05 wt%) sprayed in DMF (a) 1.4, (b) 5.6, (c) 15, and (d) 43 µS/cm. The numbers refer to the sample numbe
sample descriptionTable 1. All images are 5× 5 µm.
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4.4. Molecular size and film morphology

At 2 cm spray distance the VDF-oligomer deposition
too wet to form continuous films. Even though the concen
tion in sample 3, PVDF, and sample 33, VDF-oligomer, is
same, the VDF-oligomer droplets have a lower viscosity and
washed off from the substrate. At 4 cm spray distance, 0.05
VDF-oligomer is strikingly similar to 0.05 wt% PVDF in DMF
in appearance and height distribution (samples 36 and 11
Fig. 10) and also the roughness average is of the same o
(samples 26 and 32, respectively). The compound/solven
tio at deposition should be comparable, but the VDF-oligo
droplets are expected to spread more easily than the PV
polymer droplets.

It is known that viscosity depends on polymer chain leng
Since viscosity is also concentration dependent, much hi
concentrations have to be used for the short VDF-oligo
to obtain viscosity values similar to those of PVDF-samp
These concentrations might be reached by adjusting the
tial concentration or also by adjusting temperature or sp
distance. The latter is illustrated with the spray result of VD
oligomer at a spray distance of 4 cm in comparison to 2
However, in the case of the VDF-oligomer, the chain len
is so short that it is not expected to form an interconnected
work under any circumstance. Therefore, a concentrated re
in the sense of polymer solution theory does not exist a
more for a molecule the size of a VDF-oligomer. Theref
the viscosity behavior and the resulting spreading behavio
the substrate might not be sufficient for the VDF-oligomer
form smooth films, despite adjustments in concentration,
tance, or temperature. The latter will certainly be the case
even smaller molecules. Thus the manipulation of film smo
ness by means of the viscosity is only applicable for polym
which are of sufficient length.

4.5. Conductivity and film morphology

Conductivity and also flow rate have a significant effect
the droplet size according to the scaling relationships m
tioned in the Introduction. Since in this study flow rate is u
for spray stability control, it is not separately studied for
control of droplet size. It is known from literature that a d
crease of nozzle diameter increases the flow-rate range
stable cone-jet spray[2,14]. This facilitates the use of flow rat
-
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Fig. 12. Conductivity dependence of VDF-oligomer (0.05 wt%) sprayed
DMF (a) 17 and (b) 46 µS/cm. The numbers refer to the sample number
sample descriptionTable 3. All images are 5× 5 µm. The height distribution
histograms are of the respective 20× 20 µm images.

instead of conductivity as a control parameter if desirable, s
their effect on the droplet size follows in both cases from
scaling laws. The dependence of droplet size on the condu
ity is described in the Introduction by Eqs.(2) and (4) [9,10,15]
and an example of decreasing particle size as a function o
creasing conductivity is shown inFig. 2.

The resulting film morphology due to increased conductiv
can be seen for samples 18 and 19 with a conductivity of 15
43 µS/cm, respectively (Fig. 11). The increase of conductivit
increases the smoothness (and possibly the density) of all fi
also for acetone and for VDF-oligomer. For example, VD
oligomer with a conductivity of 17 µS/cm (Fig. 12) produces
one of the smoother films, in particular in comparison with
low-conductivity samples of VDF-oligomer (Table 3). Further-
more, it can be observed that increased conductivity decre
the particle size, as expected (compareFig. 11d andFig. 3with
Fig. 2b). If droplets become even smaller evaporation incre
and almost dry particles are obtained. The latter can be
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for both PVDF and VDF-oligomer in DMF for∼45 µS/cm
(Figs. 11 and 12).

The observations in the foregoing paragraph illustrate the
fects of an increase in the conductivity on film morphology.
Fig. 2b it can be seen how the conductivity decreases the dro
size of the spray. The direct result of a droplet decrease is
crease of the polymer particle size (Fig. 2b) and this results in
a reduction of film roughness. In addition, smaller droplets
evaporate faster and increase the polymer/solvent ratio in
droplet; therefore, the viscosity increases with an increas
the conductivity.

In Fig. 13 both the decrease of particle size (squares)
the change of the roughness parameter (triangles) as fun
of the conductivity are presented for PVDF in DMF. The
crease of the roughness parameter for 5 µS/cm in comparison
with 1.4 µS/cm, is due to the appearance of empty circular
eas in the former film (seeFig. 11b), caused by dewetting a
discussed previously. The lowest roughness value can be f
for 15 µS/cm inFig. 13, reflecting the optimum combination o
particle size and droplet viscosity in the dataset. For 43 µS/cm
the particle size is again smaller, but the viscosity has bec
too high, preventing a decrease in roughness; the same occ
as function of the concentration (seeFig. 7b). On the other
hand, the film roughness with acetone, entirely depending
the particle size, still continues to decrease at 48 µS/cm (Ta-
ble 2); a film roughness which is still high in comparison
DMF due to the total absence of solvent in the particles. T

Fig. 13. Film roughness as function of the conductivity (or current), sam
0.05 wt% PVDF in DMF; triangle: roughness average (left axis); square: p
cle size (right axis). Increase of conductivity causes an increase of viscosit
decreasing the film roughness, until viscosity slowly becomes too high ca
the roughness to increase again. The roughness at 5 µS/cm is higher due to a
dewetting effect as discussed in the text in Section4.2.
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conductivity controls the droplet size, which in the case of D
controls both the particle size and the polymer/solvent ra
The optimum combination of both provides the smoothest fi

In the case of acetone, the deposit is already dry and
the particle size determines the smoothness of the film.
terestingly a bimodal distribution can be found in the hei
distribution profiles of increasing conductivity for the aceto
solutions (seeFig. 14). Instead of the main distribution slowl
changing to lower size differences, reflecting the decreas
particle size, the distribution peak of larger size difference
slowly replaced by a distribution of smaller size differenc
This is an effect very similar to the increase of small partic
as a function of the concentration, but in this case it is driven
an increase in charge on the droplet. Since acetone evapo
quickly, an increase in conductivity causes a droplet to re
the Rayleigh limit more often. More polymers are likely to
ejected in small droplets from the main droplet, when discha
takes place. The particle representing the main droplet will
deposit and it will reduce in size as a function of the cond
tivity. This is in accordance with the behavior of the heig
distributions inFig. 14.

In applications, wet deposition as with DMF may be un
sirable, for example because of solvent sensitive substrates
preparation of dry film by means of increased conductivity
DMF may be an option in such cases. Increased conduct
tends to give sturdier films than fast evaporating solvents s
as acetone. On the other hand, those films will contain a sa
other agent to increase conductivity. If that is undesirable,
creasing flow rate can also be used to decrease particle s
the film, which can be adjusted within a set range of spray
bility just like the conductivity. However, use of conductivi
will allow a higher film production rate.

The use of conductivity to control the droplet size comple
the picture of control over the surface morphology of polym
thin films. Even though other solvent properties can be use
change droplet size, in general they cannot be changed wi
also changing additional solvent properties. Changing the
vent is often not desirable due to its key role in electrospray
bility and polymer solubility. Even the surface tension is mai
dependent on the solvent. A large difference in time scale
ists between the fast cone-jet process and the much slower
equilibrium surface tension caused by surfactants. There
the addition of surfactants to the sprayed solution does not a
for straightforward manipulation of the short-timescale cone
le
Fig. 14. Height distribution histograms for conductivity dependence of PVDF sprayed in acetone (a) 1.9, (b) 17, and (c) 48 µS/cm. The numbers refer to the samp
number in sample descriptionTable 2.
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process. A good example of the ineffectiveness of surfact
can be found in Ref.[33]. The viscosity of the spray solutio
can most likely range up to 10 mPa s without any signific
effect on the conclusions of this paper and possibly eve
20 mPa s, as discussed in the Introduction. Of course, m
fying the spray viscosity does affect the viscosity at deposit
and this might have to be taken into account when tuning
polymer/solvent ratio at deposition. Nevertheless, becaus
the use of dilute solutions, the direct increase of viscosity
be a relatively small effect in comparison with the viscosity
crease due to the evaporation of the solvent. Very high valu
viscosity will favor electrospinning, which produces a differe
morphology altogether.

5. Conclusions

Solvent is the key parameter for the production of polym
thin films with electrospray. The solvent defines the framew
of electrospray parameters for a stable cone-jet. It also h
be a good solvent for the polymer. In addition the solvent h
strong influence on polymer film morphology. Choosing a s
vent with a low vapor pressure allows easy control over de
sition conditions and the resulting film. It provides a relativ
large window to adjust parameters which control the visco
of the deposit to find the desired combination of conditions
optimal, smooth film production.

The polymer/solvent ratio at deposition is directly link
with the viscosity. It can be controlled with the initial spr
concentration and the amount of solvent evaporating in fli
The evaporation is controlled with the vapor pressure, dro
size, spray distance, and temperature. Temperature also di
affects polymer viscosity.

Polymer size determines the viscosity of the deposit. S
polymers will need high concentrations to obtain levels of v
cosity similar to longer polymers. If molecules become
small, the solution property of adjustable viscosity will be lo
Tuning film morphology with the adjustment of the viscosity
therefore limited to polymer solutions.

Two convenient parameters for control of the droplet s
have been obtained with theoretical cone jet models; the
rate and the conductivity. The change of the droplet size,
trolled by the conductivity, gives rise to various polymer fi
morphologies. Droplet size is directly linked to the size of
depositing particle. Smaller particles will result in a smoot
film. In addition the droplet size affects the rate of evapora
of the solvent, therefore also affecting the polymer/solvent
tio. With the use of conductivity smooth polymer films we
made as thin as 25 nm. The combination of conductivity
temperature adjustment may be promising for even thin
films.

Optimization of polymer film with the foregoing approach
straightforward, although it can be time consuming, due to
large number of interdependent parameters. It can be fu
complicated due to the fact that cone-jet stability also depe
on several of the same parameters.

In electrospray, the combination of control over the drop
size and droplet viscosity with conductivity, flow rate, polym
ts
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concentration, polymer size, temperature, and spray dista
provides a versatile and comprehensive means of control
polymer film morphology.
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