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Abstract

Thin polymer films of poly(vinylidene fluoride) were prepared with electrospray. Effects of solvent, initial spray concentration, temperature
solution conductivity, and polymer size on the film morphology were studied with AFM. The two main factors controlling polymer film mor-
phology are the droplet size of the spray and the viscosity of the solution at deposition. These factors determine the flow of the polymer-solv
mixture over the substrate, the density of the film, and its smoothness. The solvent is a key parameter of the entire process. It affects spray stal
polymer solubility, droplet size of the spray, and viscosity of the solution at deposition. Solvents with a low vapor pressure provide a wider wi
dow for optimization of other parameters and are therefore preferred over solvents with high vapor pressure. The viscosity at deposition is ma
controlled with the initial spray concentration, polymer size, temperature, and droplet size. The droplet size is best controlled by thetgonductiv
of the solution and the flow rate of the spray.
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1. Introduction Interest grew in electrospray preparation of thin films
[16—18]and electrospray of polymef$9,20], which were log-

Interest in electrospray, also known as electrohydrodynamitc@lly combined in electrospray studies for film and coatings
atomization, has been present for centuries; a liquid under irf2répared with polymerf21-28} Fabrication of thin polymer
fluence of a high electric field is drawn into the direction of films is difficult due to the large molecular size and proper-
the field and may emit droplets. If the electric field is strong!i€S like chain entanglement and high viscosity. As a result of
enough, a cone appears from which a mist of very fine dropletg“a high solution viscosity two types of polymer electrospray
emanates; the so-called cone-jet, first theoretically described BjY0!ved: polymer coatings by regular electrosplizd-25]and
Taylor [1]. Despite the interest, applications with electrospray® €Crospinning26-28} With regular electrospray, small poly-
have not been manifold for a long time. In the late eightiesmer particles are_formed frqm dllute_ concentrations which fuse
Cloupeau et al[2—-4] gave one of the first thorough empiri- N the substrate into a continuous film. o _
cal descriptions of the conditions of cone-jet formation. One of P ol(vinylidene fluoride), PVDF, led to a specific interest in
the mostimportant applications was developed around the sanfjs€ USage of electrospray. PVDF is a ferroelectric polymer and
time, electrospray mass spectroscopy by FEjrto produce its ferroelectricity is dependent on the crystal structure of the

single, charged molecules for mass analysis. In the ninetie%mymer[zg]' The ferroelectric crystal structure can be induced

many more empirical and theoretical studies of electrospray fol- y_applyllng very h.'gh. electricfields (Micm). Electrospray re-
lowed, mainly focused on aerosol technoldgy15] quires high electric fields and has been successfully combined

with the fabrication of ferroelectric PVDF filnj21,22,30] Fer-
roelectricity makes PVDF an interesting material for ultra-thin
* Corresponding author. Fax: +81 75 383 2308. films prepared under precisely controlled conditions. Moreover
E-mail addressrietveld@piezo.kuee.kyoto-u.ac {pB. Rietveld). PVDF is a relatively inert polymer, which makes it a suitable
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candidate for thin coatings. Both properties led to the use ofthe diameter of the jet at the estimated position of break-up,

PVDF in this study. which is related to the droplet diametef) (9]:

Despite the growing interest in polymer electrospray, only 3\ 1/6
recently a few surface morphology studies based on SEM im; _ 3_7871—2/3(:080Q > o )
ages have appeared, analyzing surface morphology of elec- YK

trosprayed polymer films as a function of several parameyhere f, is the nondimensional radius of the jet at break-up and
ters[31-33} In one paper a thorough account is given on the, constant value of 0.6 provides reasonable fits with a variety of
effect of solvent, voltage (or charge), flow rate, and concentragierature dat49].

tion on a biological polymef31]. Also a paper on the precise  Hartman et al. derived a similar but simpler current scaling

control of quantity and location appearf3#]. However, pre-  |ay for a flat velocity profile in the jef36]:
cise control of polymer film morphology is not well-understood

yet. Especially the production of nanometer thick polymer films/ ~ (y 0K)Y?. 3)
is still difficult, due to the multitude of parameters that affect the . . .
. . . . Hartman et al. also derived a scaling law for the droplet diame-
electrospray result. The aim of this paper is therefore to smgI? 15]-
out the parameters, which are the most convenient to contro?r[ k
polymer film morphology. . pe00*\ /8
Polymer film morphology in terms of smoothness andd ~ ( 12 ) :
strength (network formation) depends on the polymer particle ) o )
size and the spread of polymer on the substrate. Smaller spray !t IS important to note that Eq4) is valid irrespective of a
droplets will result in smaller particles and a smoother film.flat velocity profile in the jet. If a flat profile is present, Hg)
A certain level of restricted flow will promote network forma- €&n be substituted into E4), resulting in Eq/(2). Prefactors
tion of the polymers; high droplet viscosity on the substrate will2ré not given in the references of Hartman e{3,36]
result in a film of dry, loose polymer particles, and low viscosity ~Hartman et al. also identifies two break-up regimes for the
will result in polymer, being washed away from the substrate]et: the varicose break-up, and the whipping jet break-up. Since
A precise control of the interplay between droplet size, parti-the latter regime has a broader droplet size distribution, varicose
cle size, and viscosity is, therefore, the key to control the filmPréak-up is preferred in applications. The whipping jet regime
morphology. occurs when the ratio of the normal electric stress and the sur-
An advantage of electrospray is the fact that the droplet sizEace tension exceeds 0.3. This ratio is difficult to determine in
can be controlled. On the other hand, many parameters inflractice, because precise knowledge of the droplet velocity at
ence the electrospray process and therefore also the dropiét break-up is necessary. The droplet size in the whipping jet
size. The parameters which control the electrospray procedg§dime, however, is limited by the electric stress and can be cal-
and the parameters which determine the droplet size are knoviyllated with the use of the Rayleigh limit of electric charge on
and their relationships have been well studied0,15] This @ droplef15]:
is important, because an analysis of these studies will allow 2880y 0 1/3
a systematic choice of parameters that need to be thoroughly= (0,872> . (5)
investigated for polymer film production. Of course, other pa- 1
rameters might still have an influence on spray stability, but that The factor 0.8 is according to Hartman the best value for the
is thoroughly studied in the previously cited studies and manylroplet stress ratio. Which equation to apply can be determined
other references therej#,10,35,36) by comparison of the results of Eq4) and (5) the one yielding
Ganan-Calvo used an analytical approach to extend Taylorthe smallest droplet size is the correct equation. It also indicates
electrostatic solutiofil] and obtained an expression for the cur- if the jet is in the varicose mode or the whipping mqig].
rent (7), transferred by the droplets in the electrospray process, The equations provide the parameters that can be changed to
as a function of the flow rated) and the conductivityX) of  adjust the size of the droplet and of the resulting polymer parti-

(4)

the sprayed liquid9]: cle in the droplet. The two most obvious parameters to use are
P 1/2 the conductivity and the flow rate. The other variables are sol-

I = 4,25[L} (1) vent properties (density, surface tension, or dielectric constant),
In(QpK /yeo)t/? which cannot be changed separately. In this paper the solution

wherey is the surface tensiom, is the density of the sprayed conductivity was chosen to control the droplet size, since flow
liquid, andeg is the vacuum permittivity constant. Equati(i)  rate together with the electric field and some solvent proper-
was obtained under the condition that the jet emanating frorties were reserved to control spray stability. It is known that the
the cone was thin enough in diameter to have a flat velocitglectric field also influences the droplet sj2d], but the effect
profile; the liquid velocity at the surface of the jet has to be ofis small and can be explained in terms of flow rate and conduc-
the same order as in the center of the jet. The scaling law proveiity [15].
to be applicable to a wide range of different liqu[@$. The solution viscosity is completely absent from the scal-
The analytical approach of Ganan-Calvo does not contaiing relationships. Although viscosity has a strong influence on
droplet break-up; therefore it cannot determine the size of théhe presence of a flat velocity prof{l€0], necessary for the va-
droplet on a pure theoretical basis. It can, however, determinidity of Egs. (1)—(3), the validity may be ensured over a wide
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viscosity range due to the small diameter of the[@#t Fur- [17 mm
thermore, Hartman et al. studied the effect of viscosity on the
development of the jet. It appears that viscosity increases the
wavelength of the varicose fluctuation on the jet. The size of
the wavelength is proportional to the droplet size. However,
viscosity also slows down the jet break-up (compare to elec-
trospinning, where break-up does not occur at all), resulting
in a thinner jet. The thinner jet and the larger varicose wave-
length seem to compensate each other, resulting in comparable
droplet sizes under similar conditions for liquids with a wide o 3 _ , _
range of viscosities (0.4-20 mPa[4}]. Although the role of Fig. 1. Thering is positioned at the tip of the nozzle. The ring and nozzle in the

he Vi L | | ived lude th rawing are not to scale. The diameter of the metal ring is 17 mm and its thick-
the viscosity Is not completely resolved, one can conclude t ss is 2 mm. The outer diameter of the nozzle is 0.36 mm, the inner diameter

Egs.(1)—(4)will apply for dilute polymer solutions that have a s 0.36 mm, and the total length of the nozzle is 40 mm. The potential of the
viscosity between 0.5 and 10 mPas. ring is 3.0 kV. The potential of the nozzle is adjusted as indicated in the text.

The surface tension is not solely a solvent property, since it
can be modified by surfactants. However, surfactants are not eprepared by dissolving the appropriate amount of ammonium
fective in the cone-jet process. Static surface tension induced lpitrate in DMF and were subsequently used for the prepara-
surfactants establishes in the order of seconds, due to the necéign of polymer solution. The conductivity was checked with
sary molecular rearrangements at the surface of a li@7i@8}  a Horiba pH conductometer D-54 and the Horiba conductivity
Electrospray is a fast dynamic process in a steady state, whegell 3551.
processes take place in microseconds or f4a@®39] Since The films were prepared with an in-house constructed elec-
this is not a static equilibrium situation, static equilibrium sur-trospray chamber. The capillary, made of stainless steel, has an
face tension cannot apply. The surface tension will be mainlyuter diameter 0.36 mm and an inner diameter 0.1 mm with
depending on the major compound, the solvent, with a value flat tip. The tip of the capillary has been placed in the cen-
which may deviate from its own static equilibrium value. ter of a thin metal ring (2 mm thick) with a diameter 1.7 cm,

The foregoing discussion has reduced the suitable paramas shown irFig. 1. The capillary is perpendicular to the plane
ters to control the droplet size, to flow rate and liquid con-of the ring, which has a constant potential 3.0 kV. A potential
ductivity. The main objective of this study becomes thereforerange 0-20 kV can be applied to the capillary, with positive
how to control the viscosity of the droplet at deposition, whilebias. The sample holder can be displaced from 0 to 12 cm from
controlling the droplet size of the spray with the liquid conduc-the capillary. The sample holder is connected to ground via a
tivity. The main and very important requirement in this paper iscurrentmeter. The current was monitored during every experi-
a stable cone-jet spray, which highly depends on the variablasient with a Keithley 6517 electrometer. A constant liquid flow
of Egs.(1)—(4) The cone-jet is in general stable for a specificwas provided with a syringe pump Model 22 of Harvard ap-
range of conductivity and flow. More about spray stability canparatus. High potential was supplied with devices constructed
be found in Refs[4,10,15,35, and references therein] in-house and containing Ultravolt Inc. voltage supply modules.

In the following sections a study of PVDF films with AFM The liquid flow rate during the experiments was 2min for
and thickness profiling is presented. In a few cases infrare@MF and 3 pfmin for acetone. Flow rate was used in combina-
spectroscopy was used to determine the presence of solvetidn with the potential to ensure a stable cone-jet. The voltage
in the films. The effect of concentration, spray distance, sprayange for a stable cone-jet spray shifts slightly with distance
time, size (polymer-oligomer), temperature, conductivity, andand with sprayed solution; in the case of DMF for 1 cm the

solvent on the film morphology is discussed. range is 5.15-5.60 kV, for 2 cm 5.30-5.75 kV, and for 4 cm
5.55-6.10 kV, in the case of acetone for 2 cm the range is 4.60—
2. Materialsand methods 5.00 kV. A stable cone-jet spray exists within these ranges.

Outside the given ranges a cone-jet can exist, however it may be
Poly(vinylidene fluoride) was purchased from Sigma—Ald-prone to fluctuations. Samples with high conductivity needed
rich, My = 534,000 gmol. N,N-dimethylformamide 99.7% on average a 0.3 kV higher potential to ensure a stable spray,
and acetone 99.5% were obtained from Nacalai Tesque, Japahan the volt-ranges mentioned above. The spray stability was
VDF-oligomer, M,, = 1982 gmol, was provided by Daikin, tested before the actual film production and if necessary, the po-
Japan. Ammonium nitrate 99.0% was purchased from Wakeential was slightly adjusted in accordance with the distance and
Ltd., Japan. All chemicals have been used as purchased. Silicaonductivity.

wafer was used as substrate (resistande-5%2 cm), purchased The films were prepared in a nitrogen atmosphere with a
from E&M, Japan. Wafers were all cleaned before use with acehumidity level of 5% or lower, because a constant humidity ap-
tone in an ultrasonic bath for at least 15 min. peared to be of great importance to obtain reproducible films.

Polymer solutions were made by weighing the appropriat&fo remove the solvent vapor, due to the evaporating solvent of
amount of polymer in DMF or acetone. After an ultrasonicthe spray, the chamber was continuously flushed with a flow of
treatment of 30 min, the solutions were allowed to dissolve forlO L/min nitrogen gas. It was ensured that the flow of nitrogen
at least one night. Solutions with increased conductivity weralid not disturb the cone-jet spray.
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After preparation, films were imaged with JEOL SPM 4200.not contain any residual solvent. All films prepared with DMF
Imaging was done with tapping mode and low force on the caneontained DMF, although it was not possible to determine the
tilever (NSG10 cantilevers from NT-MDT, Russia). In all cases,exact amount. A number of films, especially samples 6, 31, 32,
images of 20x 20 and 5x 5 um were obtained. In some cases 33, and 37, were visibly wet and had clear impact of droplets.

1 x 1 um images were also taken. Thex2@0 um images were Roughness data of those samples and in some cases, thickness
used to determine the roughness average parameter as presermtath could not be determined.
in Section3. The amount of deposited material was calculated from the

Thickness profiles of the films were measured with the KLAconcentration, flow rate (2 ginin for DMF, 3 pl/min for ace-

Tencor P-15 Profiler. Infrared measurements on some filmgone), and spray time. The film volume was calculated using

were performed with the JEOL JIR 7500 EM. thickness data and the diameter of the spherical deposit. From
those two values the density follows. The error in the density is
3. Results large, due to uncertainties in the amount of deposited material,

radius, and, especially, film thickness. In certain cases, the films

The data for all samples of PVDF in DMF are presented inwere extremely soft or not continuous on microscopic scale. If
Table 1 The data concerning PVDF in acetone are showkain  the density is placed between brackets, the error is expected to
ble 2and the data concerning VDF-oligomer sprayed in DMFbe >50%. Density values are meant to give a general idea of
are presented ifiable 3 In all tables the sample number, con- how deposition conditions affect the film.
centration in weight percentage (wt%), conductivity (pS), The sturdiest samples were made with high solvent conduc-
spray distance (cm), spray time (min), film thickness (nm)tivity and those samples demonstrate that the density of PVDF
roughness average (nm), and densityc(g®) are given. All  films is highest if sprayed with DMF. PVDF films sprayed with
samples were sprayed at 20 except two samples, 13 and 14, acetone seem to have a somewhat higher density than films
which were sprayed at 4C. As far as it could be determined made of VDF-oligomer. Determination of VDF-oligomer film
with infrared measurements, films prepared with acetone dithickness was hindered by the softness of most samples.

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

Sample Concentration Conductivity Distance Time Thickness Roughness Density
(Wt%) (uS/cm) (cm) (min) (nm) (nm) (g/cm®)
1 0.005 14 2 135 150 130 a7
2 0.015 14 2 45 70 47 n2
3 0.05 14 2 15 75 16 no
4 0.15 14 2 10 100 14 66
5 05 14 2 5 250 21 ®9
62 0.015 14 15 25 - - -
7 0.015 14 25 70 50 35 157
8 0.015 14 3 100 50 24 50
9 0.005 14 4 135 22 20 r3
10 0015 14 4 45 60 35 15
11 005 14 4 15 190 32 a3
12 005 14 4 60 330 58 (B0
13° 0.05 14 15 10 120 &4 119
140 0.05 14 1 45 110 94 147
15 005 14 2 45 190 21 04
16 005 14 2 135 480 41 n2
17 005 56 2 15 50 20 23
18 005 15 2 15 44 11 27
19 005 43 2 15 25 14 r1

2 Film washed away from the substrate due to an excess of solvent.
b Samples sprayed at 4C 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 adjusteshiith aitnate

Sample Concentration Conductivity Distance Time Thickness Roughness Density
(%) (uS/cm) (cm) (min) (nm) (nm) (g/cm®)

21 0005 19 2 30 200 85 @8

22 0015 19 2 30 300 143 56

23 005 19 2 10 250 165 D4

24 005 17 2 10 170 141 62

25 005 48 2 10 100 132 a7
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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 adlj@stedomitm
nitrate

Sample Concentration Conductivity Distance Time Thickness Roughness Density
(Wi%) (s/cm) (cm) (min) (nm) (nm) (g/c®)

312 0.005 17 2 135 250 - B0

32 0.015 17 2 45 200 - 02

33 0.05 17 2 15 200 - k1

34 0005 14 4 135 50 11 ®4

35 0015 14 4 45 26 42 104

36 005 17 4 15 50 26 ®85

3P 0.05 17 1 8 - - -

38 005 17 2 15 130 14 39

39 005 46 2 15 100 55 60

2 Film too rough to determine roughness average value.
b Film washed away from the substrate due to an excess of solvent.

. . . 250
Thickness of the samples is not only a function of the amount —
of deposited material but also depending on spray conditions, “5 200 - y = 1.0036x
such as conductivity, distance, and solvent. Different spray con- t R? = 0.9389 "
i U ) o
ditions give rise to a wider or narrower cone of droplets. The S 150 A
area covered by the spray can therefore differ extensively be- i
tween experiments, which makes direct comparisons between ﬁ 100 1
. . o S
film thicknesses difficult. ' . ' 2 s0 B = 0.3658x
The roughness averagg, is the average height) differ- © R2= 09616
ence, determined in the following way: 0 ‘ | ; :
MoAN1 0 50 100 150 200 250
1 - — measured current (nA)
Sa=~ > D leCoe ) — il (6)
k=0 (=0
0.40 35
and _
£ 0.35 13
| M-1N-1 2 a0
n= YD 2l ), (7 8 T25E
MN = =5 § 0.25 - 1, 3
whereM andN are the total number of pixels for theand y £ 020 115 g
axis, respectively. In all cases 2020 um AFM images have < 015 - ' 2
been used to determine the roughness average. ﬁ 0.10 | 11 o
To check the validity of Eq91) and (3) they were plotted 3 0.05 Los
as function of the measured current. Both relationships fit the S
data fairly well; Eq.(3) gives the best fit, as can be seen in 0.00 T 0
Fig. 2a. Given that the current scaling applies for all samples, it 0 50 100 150 200 250
is safe to conclude that electrospray took place in the cone-jet Current (nA)
mode and that Eqg2), (4), and (5)can be applied. With use (b)

of the measured current as input and the prefactors o{Zg. Fig. 2. (a) Validity check of the current scaling for §a) (filled squares) and
taking f, = 0.6, the droplet size was calculated. The prefactorsq. (3) (filled circles). Both equations apply for the present data,(Bpgives

are not very important in this case, because the relative dropléie best fit. (b) Droplet scaling with the current. The effect on the polymer
size is enough to judge how change in droplet size affects th%artlcle size by increase of the current (or conductivity) and change of the con-

| fil Th . ibili h h . centration. Left scale: triangles: particle size of PVDF in DMF. The decrease of
polymer film. ere Is a possibility, however, that Hﬁ) 1S the particle size at 50 nA is due to a decrease in polymer concentration in the

valid. In that case Eq¢2) and (4)will overestimate the size of initial solution. Right scale: spheres: DMF droplet size; crosses: acetone droplet
the droplet. size; solid line: limit for varicose jet break-up for DMF (E)); dotted line:

The calculated droplet size can be foundrig. 2o. The left  limit for varicose jet break-up for acetone (E&).-

scale is for the polymer particle size and the right scale is for

the droplet size. The solid line is the whipping jet droplet sizerate and is therefore a good illustration of its effect on droplet
for DMF. For acetone this line lies slightly higher (dotted line). size. The triangles are an example of the expected polymer par-
The filled circles are predictions of the droplet size as a functioticle sizes in the case of PVDF in DMF. The triangles around
of the measured current. The crosses slightly displaced upwawlcurrent of 50 nA illustrate the effect of the decrease in poly-
represent the droplet size for acetone. The displacement beer concentration (0.15-0.005 wt%), whereas the decrease of
tween DMF and acetone mainly reflects the difference in flowthe triangles with the current represent the effect of the increas-
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ing conductivity (samples 3, 17-19). In all cases the varicose jadistribution of DMF sprayed film is much narrowefids. 4a
break-up applies, possibly except for the 1.5 um acetone droplend 64.

at a current of about 200 nA (séé&g. 2b). In Table 4the particle diameters are given, calculated with
AFM images of various samples are presented along witleq. (4) for the acetone and DMF sampleshigs. 3 and 5Al-
the Discussion. though some of the DMF produced particles are smaller, DMF
samples 4 and 5 produce larger polymer particles than any of
4. Discussion the acetone samples. Nonetheless, almost all DMF samples re-

sult in a much smoother film, as follows from the comparison
of Figs. 3 and 5and of the roughness ifables 1 and 3The
particle size alone can, therefore, not be the main cause of the
much higher roughness for acetone spray. The smoothness must

] ] ] be due to an ability to flow, which translates into a difference in
Solvent is an important parameter in electrospray. The st&;iscosity of the droplets at deposition for the DMF solution in

bility of electrospray itself depends, to a large extent, on th%omparison with the acetone solution.
properties of the solverjil0,36] This means that in addition No presence of acetone could be detected in the films
to polymer solubility, the solvent needs to have proper valuegprayed with acetone. Certain films sprayed with DMF, how-
for the relative permittivity, surface tension and in principle theeyer, were visibly wet (sample 6). Furthermore, VDF-oligomer,
density. Furthermore, the ViSCOSity and ConductiVity of the Sol'sprayed under the same Conditions and W|th the same con-
vent may need adjustment. Stable electrospray is a prerequisigentrations as PVDF, exhibited in a number of cases visibly
to obtain well-defined polymer films. wet film (compare VDF-oligomer samples 31, 32, and 33 with
If all requirements for a stable spray in combination with pyDF samples 1, 2, and 3). Because the interaction of DMF
polymer solubility are met, the main effect of solvent on film with VDF or with PVDF will be the same, the amount of
morphology will be caused by the vapor pressure. This is il-DMF in the respective, depositing particles will be comparable.
lustrated with the effect of DMF (vapor pressur€0.44 kPa)  However, the much longer PVDF polymer molecules cause a
and acetone (vapor pressue30.8 kPa) on PVDF film mor-  much higher viscosity, which results in a moderate flow of the
phology. Both samples, 3 (DMF) and 23 (acetone), are preparedtoplets and smooth film formation.
under the same conditions and with the same amount of PVDF. Comparing dry particles obtained with acetone and wet film
The roughness average and the film thickness are much highebtained with DMF, the difference in vapor pressure is the cause
for the acetone sample than for the DMF samplables 1  behind the difference in observed morphology. Vapor pressure
and 2. The surface of DMF sprayed film is much smoother thanconstitutes a window defining the range of control between
the acetone sprayed surfadégs. 5¢ and 3a Also the height a smooth, dense, and a rough, loose film. A low vapor pres-

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

b, 22 c, 21

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 refgeto the sam
number in sample descriptidrable 2 All images are 5< 5 um, the inset is X 1 um.
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Fig. 5. Concentration dependence of PVDF sprayed in DMF (a) 0.005, (b) €1&P5, (d) 0.15, and (e) 0.5 wt%. The numbers refer to the sample number i
sample descriptiofiable 1 All images are 5¢< 5 um, except (a), which is 20 20 um.
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refer to the sample number in sample descripfiahle 1

Table 4 consisting of only polymer particles and a clear effect of con-
Calculated particle diameters (nm) of selected DMF (samples 1-5) and acetorgantration is hardly noticeable. The only effect is an increase in
(samples 21-23) samples sprayed under comparable conditions. The diametﬂrﬁe number of smaller particles with decreasing concentration
have been calculated with Ef) with use of the prefactor of Eq2) as de- . . is difficult to det . ith th . if
scribed in the Infroduction (|nsetF_|g. 3). It is difficult to de ermine wi ese images |

all particles become smaller as a function of decreasing concen-

Sample Diameter DMF (nm) Diameter acetone ("M) yation as expected from the calculations of the particle radius
land21 61 73 in Table 4 but such a decrease is confirmed in separate mea-
2 and 22 84 103 e X _
3and 23 118 172 surements in this laboratory (uan_Jbllsh_ed resu.lt) and found in
4 194 _ Refs.[7,20]. The effect of the particle size on film roughness
5 250 - is illustrated inFig. 7a. Only dry particles deposit on the sub-

strate when sprayed with acetone and the roughness decreases

| facili I therefore DME i . with decreasing polymer particle size.
sure solvent facilitates control; therefore is a convenient 4 ~oncentration series of PVDF in DME provides a com-

s_o_lvent for electrospray. The_ amount of solven_t present atqep?ﬂetely different picture. There is a clear dependence of the
sition can be controlled, which will be shown in the following g, t2ce morphology on the initial concentration. The low con-

sections of this paper. centration solutions do not result in flat films, which can be seen
] ] N in the height distributions of the respective surfaces. The sharp
4.2. Changing the polymer/solvent ratio at deposition high peaks on the left in histografig. 6a and 6ks silicon

wafer substrate. The roughness average of the lowest concen-

The most straightforward way to control the polymer/solventtration is high and its surface morphologyig. 5a) suggests
ratio of the droplet at deposition is with the initial concentrationthat the impact of the solvent causes the roughness in this case.
of the polymer. Various concentration ranges have been meaypparently a lot of solvent is still present in the depositing
sured: PVDF in DMF, samples 1, 2, 3, 4, and 5; at 4 cm sprayroplets, washing away part of the deposit, exposing the sub-
distance, samples 9, 10, 11, and 12; in acetone, samples Zrate and roughening the polymer surface. In comparison, the
22, and 23; for VDF, samples 31, 32, and 33, and for VDF akquivalent sample of VDF-oligomer, sample 31, was too rough
4 cm, samples 34, 35, and 36. The AFM images of two coneven to determine a roughness parameter with AFM due to the
centration series are shown; PVDF in acetdfig, 3 presents presence of DMF.
the topographic images aifdg. 4 presents the height distribu- The film made with 0.015 wt%Hjg. 5b, sample 2) has reg-
tion histograms based on a 2020 um area. PVDF in DMF is  ular oval areas of exposed substrate. It is unlikely that solvent
shown inFig. 5and the height distributions irig. 6. impact causes such patterns. The effect is also found in sam-

The two series of AFM image$igs. 3 and pshow thatthe ple 7 and under different conditions in sample Fig( 11).
presence or absence of solvent in combination with changingrobably the differences in surface energy of the PVDF-DMF
concentration can have various effects. In the concentration seaixtures with the silicon substrate in combination with the vis-
ries with acetone the solvent has evaporated before the droplebsity provide a situation where limited dewetting of the film is
reaches the substrate. The result is a soft loosely packed filpossible[40]. The idea is that dewetting is thermodynamically
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particle size (nm) Fig. 8. Film roughness as function of the spray distance; PVDF in DMF, square:
(a) 0.005 wt%, diamond: 0.015 wt%, and triangle: 0.05 wt%. Increasing concen-
140 trations show a roughness average minimum at smaller distances. Since the
* distance only influences the evaporation of the solvent and therefore directly
120 1 the viscosity, this graph shows how viscosity influences film roughness.
E 100 -
‘9‘; 80 - creases, decreasing the excessive flow and lowering the average
@ 60 4 roughness. The increase of the roughness on the right side of
§ - the graph is the result of an over-increase in viscosity, decreas-
e 407 ing the flow even more and starting to reflect the increase of
20 % o * particle size like with acetone ifig. 7a. Thus the difference in
0 . . surface morphology ifrig. 7b is due to the change in viscosity,
0 100 200 300 controlling the flow behavior of the PVDF-DMF mixture. The
spread of the droplets on the substrate decreases with increas-

particle size (nm) . . . . .
) ing initial PVDF concentration and the optimum concentration

among the samples is 0.15 wt% PVDF in DMF.
Fig. 7. (a) Film roughness as‘function of the particle siz_e, sprayed with acetor_\e. The other concentration series mentioned at the beginning of
Only the particle size determines the roughness. (b) Film roughness as functigp;¢ section show morphologies similar to those just described
of particle size resulting from the concentration; all droplet sizes are the same . . .
(samples 1-5, sprayed with DMF at 2 cm). The smallest particles show a mucfl’ show mixed behavior of partly dry particles smoothed more
higher roughness due to a very low viscosity. The increase of the film roughneddr’ less by the presence of solvent. An example of the latter
at the right side is due to an over-increase of viscosity. is the concentration series of PVDF in DMF sprayed at 4 cm
(samples 9, 10, 11, and 12) (not shown). The resulting films
favored for certain concentrations of PVDF in DMF on silicon contain separate particles, however, the roughness average val-
wafer, possibly assisted by the charge on the drojpddils but  ues are not as high as those of acetone. Samples 9, 10, 11, and
in most cases prevented by the viscosity and possibly also b2, also serve as an example of an additional way to control

the droplet impact. the polymer/solvent ratio at deposition: changing the spray dis-
The three higher concentrations (samples ¥i§s. 5c-5¢  tance.
provide much smoother film, especially 0.15 wt%ig. 5d), A good impression of how distance influences the surface

which has the most narrow height distribution and the lowestnorphology can be obtained with samples 2, 6, 7, 8, and 10
roughness average. The density of the films as function of corfho images shown), sprayed from 1.5 cm up to 4 cm distance
centration is fairly constant around 1.10cgn®. The 0.15 wt%  with 0.015 wt% PVDF in DMF. They follow the same pattern
film density is even 1.66 &4m?, which is close to the density of as the concentration dependenceFig. 5. At 1.5 cm, similar
PVDF (1.74 gcmP) and is consistent with its smooth surface in appearance to sample 1, the amount of DMF in the deposit
and narrow height distribution. is too high for a smooth continuous film. The distances 2 cm
From Sectiont. litis clear that DMF is present in the deposit (sample 2) and 2.5 cm show a regular hole-pattern in continuous
and its amount decreases relative to the increasing initial corfilm, as discussed before. At a distance of 3 cm, the roughness
centration of PVDF. The effect of a relative decrease of DMFaverage is lowest and the film is similar to sampld=&y( 5c).
on the film roughness is presentedFilg. 7b. The film rough- 4 cm spray distance results in a particle film although smoother
ness is plotted as a function of the expected polymer particléhan those sprayed with acetone.
size, which is entirely controlled by the initial polymer spray  The effect of spray distance on film roughness for these sam-
concentration. The droplet size of the spray is predicted to bples is shown irFig. 8in addition to two other concentrations.
the same for all concentrations, which means that for loweAlthough in this figure the exact location of the minima can-
concentrations the polymer/solvent ratio at deposition will benot be determined, it can be seen that the roughness minimum
lower and consequently the viscosity will also be lower. A low shifts to longer distance with lower concentration. Because for
viscosity causes the film to be damaged, resulting in a highower concentrations the amount of polymer in the droplet is
film roughness. With increasing concentration the viscosity insmaller, more solvent needs to evaporate to obtain the optimum
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ratio of polymer and solvent to form smooth film. In this case4.3. Other factors influencing film quality

only the distance is directly responsible for the evaporation and

if too much solvent evaporates the roughness increases again An additional concentration effect that can be found for ace-
due to the fact that particles flow less, like in the extreme casgne ig. 3) and also for DMF at 4 cm spray distance is a
of acetone. shifting particle size distribution. The ratio of smaller parti-

Increasing the spray distance also increases the surface thaés over larger particles is increasing, whereas the decrease
will be covered by the spray. Therefore the combination of Conof partide size is much less apparent, with decreasing con-
centration and spray distance can be used to control the size géntration. A bimodal size distribution is expected from the
the covered area. The spraying time will increase with increascone-jet break-ug15]. In addition, the size distribution will
ing distance, which may be a disadvantage. broaden due to charge and liquid release of droplets reaching

Temperature can also be used to control the polymer/solvere Rayleigh limit[42]. The Rayleigh limit will not depend
ratio at deposition. A few films have been prepared at@0 on polymer concentration, but only on droplet size and charge.
with 0.05 wt%. Films made at 4@ are smoother than films proplets of concentrated solutions might reduce the Rayleigh
made at 20C (Fig. 9), which is likely due to the combination |imit induced stress by expelling only charged solvent, increas-
of the amount of residual DMF and a decrease in polymer vising the entanglement of the polymers in the droplet. One should
cosity induced by the higher temperature. The substrate Wagep in mind that concentrations in the droplet are higher than
brought closer to the spray nozzle to obtain wet depositiof the initial solution due to the continuous evaporation of lig-
conditions (at higher temperature the DMF evaporates fastefjig from the droplet. Polymers in the initial solution will be in
causing the films to be drier at 2 cm). As can be seen, 1.5 ¢y gijute solution regime, and barely interact with each other.
provides the most flat film with the most narrow height distrib- concentrations within a droplet might be close to or in the con-
ution. Roughness average indicates that sample 13, 0.05 Wt%egnrated solution regime, where polymers form a network. If
1.5 cm, and 40C, is the smoothest film in this study. The den- g jnitial concentration is decreased, the concentration in the
sity of the films at 40C is similar to that of films prepared y qpjet decreases too. The chance for a single polymer mole-
at 20°C. Thus temperature, by influencing both vapor pressurg e tg get entangled with other polymers will decrease. Thus it
and the viscosity directly, can be an important control paramegij| he more likely that the Rayleigh limit will cause polymers
ter for desired film formation conditions. to be expelled from the droplet together with the small solvent

By studying ,'n't'al concentratlpn, distance and tempera’droplets. This will result in a larger quantity of small polymer
ture for any suitable solvent, optimal control over the pOIV'particIeS.
mer/solvent ratio at deposition can be obtained. The poly- The same effect as observed for the acetone samples is ex-
n_wer/sqlven_t r_atio is an importa_nt tool to control the dropletpected to occur with the DMF samples. However, due to the
viscosity within the window provided by the vapor pressure Ofsmooth films, it is impossible to determine to what extent small
the solvent. particles are formed. In any case, the presence of very small
polymer particles will improve the smoothness of the film, as
long as the viscosity at deposition is controlled.

The amount of polymer in a sprayed film is a function of
the spraying time. Samples 3, 15, and 16 are sprayed under the
same conditions, only the spraying time differs. The density is
not affected. The absolute roughness average increases, but the
ratio of the roughness average with the film thickness decreases
with spraying time (or with film thickness). Although spraying
time appears to improve the relative smoothness, the result also

25 50 75

Height ] shows that one should be careful when comparing the absolute

roughness average of samples of different film thickness.

28 &0
Height [nm]

75

Fig. 10. (a) 0.05 wt% PVDF in DMF sprayed at 4 cm and (b) 0.05 wt% VDF-
Fig. 9. PVDF sprayed in DMF at 40C (a) 1.5 and (b) 1 cm. The numbers refer oligomer in DMF sprayed at 4 cm. The numbers refer to the sample description
to the sample number in sample descripflable 1 Both images are & 5 um. Tables 1 and Jespectively. Both images areds um.
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d, 19

Fig. 11. Conductivity dependence of PVDF (0.05 wt%) sprayed in DMF (a) 1.4, (b) 5.6, (c) 15, and (dye®..iBhe numbers refer to the sample number in
sample descriptiofiable 1 All images are 5< 5 pm.

4.4. Molecular size and film morphology

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

It is known that viscosity depends on polymer chain length.
Since viscosity is also concentration dependent, much higher
concentrations have to be used for the short VDF-oligomer
to obtain viscosity values similar to those of PVDF-samples.
These concentrations might be reached by adjusting the ini-
tial concentration or also by adjusting temperature or spray
distance. The latter is illustrated with the spray result of VDF- b, 39
oligomer at a spray distance of 4 cm in comparison to 2 cm, y _ _
However, in the case of the VDF-oIigomer, the chain IengthFlg. 12. Conductivity dependence of VDF-oligomer (0.05 wt%) sprayed_ln
. C. . DMF (a) 17 and (b) 46 p&m. The numbers refer to the sample number in
is so short that it is not expected to form an interconnected Nétample descriptioffable 3 All images are 5¢ 5 um. The height distribution
work under any circumstance. Therefore, a concentrated reginiistograms are of the respective @20 um images.
in the sense of polymer solution theory does not exist any-
more for a molecule the size of a VDF-oligomer. Thereforeinstead of conductivity as a control parameter if desirable, since
the viscosity behavior and the resulting spreading behavior otheir effect on the droplet size follows in both cases from the
the substrate might not be sufficient for the VDF-oligomer toscaling laws. The dependence of droplet size on the conductiv-
form smooth films, despite adjustments in concentration, disity is described in the Introduction by Eqg) and (4) [9,10,15]
tance, or temperature. The latter will certainly be the case foand an example of decreasing particle size as a function of in-
even smaller molecules. Thus the manipulation of film smoothereasing conductivity is shown ig. 2
ness by means of the viscosity is only applicable for polymers, The resulting film morphology due to increased conductivity
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which are of sufficient length. can be seen for samples 18 and 19 with a conductivity of 15 and
43 uYcm, respectivelyKig. 11). The increase of conductivity
4.5, Conductivity and film morphology increases the smoothness (and possibly the density) of all films,

also for acetone and for VDF-oligomer. For example, VDF-

Conductivity and also flow rate have a significant effect onoligomer with a conductivity of 17 p&m (Fig. 12 produces
the droplet size according to the scaling relationships menene of the smoother films, in particular in comparison with the
tioned in the Introduction. Since in this study flow rate is usedow-conductivity samples of VDF-oligomeiéble 3. Further-
for spray stability control, it is not separately studied for themore, it can be observed that increased conductivity decreases
control of droplet size. It is known from literature that a de- the particle size, as expected (complig 11d andFig. 3with
crease of nozzle diameter increases the flow-rate range forFRig. 2b). If droplets become even smaller evaporation increases
stable cone-jet sprd,14]. This facilitates the use of flow rate and almost dry particles are obtained. The latter can be seen
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for both PVDF and VDF-oligomer in DMF for-45 pS'cm

(Figs. 11 and 1
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conductivity controls the droplet size, which in the case of DMF
controls both the particle size and the polymer/solvent ratio.

The observations in the foregoing paragraph illustrate the effhe optimum combination of both provides the smoothest film.

fects of an increase in the conductivity on film morphology. In

In the case of acetone, the deposit is already dry and only

Fig. 2o it can be seen how the conductivity decreases the droplehe particle size determines the smoothness of the film. In-
size of the spray. The direct result of a droplet decrease is a deerestingly a bimodal distribution can be found in the height
crease of the polymer particle siZei. 2b) and this results in  distribution profiles of increasing conductivity for the acetone
a reduction of film roughness. In addition, smaller droplets willsolutions (sed-ig. 14). Instead of the main distribution slowly
evaporate faster and increase the polymer/solvent ratio in thehanging to lower size differences, reflecting the decrease of
droplet; therefore, the viscosity increases with an increase Qfarticle size, the distribution peak of larger size differences is

the conductivity.

slowly replaced by a distribution of smaller size differences.

In Fig. 13 both the decrease of particle size (squares) andhis is an effect very similar to the increase of small particles
the change of the roughness parameter (triangles) as functie a function of the concentration, but in this case it is driven by
of the conductivity are presented for PVDF in DMF. The in- an increase in charge on the droplet. Since acetone evaporates
crease of the roughness parameter for Bqusin comparison
with 1.4 u§cm, is due to the appearance of empty circular arthe Rayleigh limit more often. More polymers are likely to be
eas in the former film (seEig. 11b), caused by dewetting as ejected in small droplets from the main droplet, when discharge
discussed previously. The lowest roughness value can be fourigkes place. The particle representing the main droplet will also

for 15 p§ceminFig. 13 reflecting the optimum combination of deposit and it will reduce in size as a function of the conduc-
particle size and droplet viscosity in the dataset. For 4&p6

the particle size is again smaller, but the viscosity has becomgistributions inFig. 14

too high, preventing a decrease in roughness; the same occurredin applications, wet deposition as with DMF may be unde-
as function of the concentration (s&&g. 7b). On the other

hand, the film roughness with acetone, entirely depending oBreparation of dry film by means of increased conductivity in
the particle size, still continues to decrease at 43cpS(Ta-
ble 2); a film roughness which is still h'g_h In comparison 1o tends to give sturdier films than fast evaporating solvents such
DMF due to the total absence of solvent in the particles. Thugs acetone. On the other hand, those films will contain a salt or
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quickly, an increase in conductivity causes a droplet to reach

tivity. This is in accordance with the behavior of the height

sirable, for example because of solvent sensitive substrates. The

DMF may be an option in such cases. Increased conductivity

other agent to increase conductivity. If that is undesirable, de-
creasing flow rate can also be used to decrease particle size in
the film, which can be adjusted within a set range of spray sta-
bility just like the conductivity. However, use of conductivity
will allow a higher film production rate.

The use of conductivity to control the droplet size completes
the picture of control over the surface morphology of polymer
thin films. Even though other solvent properties can be used to
change droplet size, in general they cannot be changed without
also changing additional solvent properties. Changing the sol-
vent is often not desirable due to its key role in electrospray sta-
bility and polymer solubility. Even the surface tension is mainly

Fig. 13. Film roughness as function of the conductivity (or current), sample%ependem on the solvent. A large difference in time scale ex-

0.05 wt% PVDF in DMF; triangle: roughness average (left axis); square: parti-
cle size (right axis). Increase of conductivity causes an increase of viscosity firs

Ists between the fast cone-jet process and the much slower static

decreasing the film roughness, until viscosity slowly becomes too high causin§uilibrium surface tension caused by surfactants. Therefore

the roughness to increase again. The roughness af&muB higher due to a
dewetting effect as discussed in the text in Sectich
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the addition of surfactants to the sprayed solution does not allow
for straightforward manipulation of the short-timescale cone-jet
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process. A good example of the ineffectiveness of surfactantsoncentration, polymer size, temperature, and spray distance,
can be found in Ref{33]. The viscosity of the spray solution provides a versatile and comprehensive means of control over
can most likely range up to 10 mPas without any significantpolymer film morphology.

effect on the conclusions of this paper and possibly even to

20 mPas, as discussed in the Introduction. Of course, modAcknowledgment
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