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Abstract: Electrospinning is emerging as a simple means of producing fibers with diameters ranging fram th08any

microns. Electrospinning, however, relies on the force generated by an electric field on the surface of a polymer solution to
either enhance instabilities in a thinning jet or to rapidly elongate a jet of polymer solution form a nozzle. In thitharticle,
fundamental physics and fluid dynamics on the subject matter are described, and some of the relevant parameters in electro-
dynamic instabilities at polymer interfaces are discussed in some detail.
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Electrospinning is emerging as a simple means of producingundamental physics underlying electrospinning by focusing
fibers with diameters ranging from 0.0@2m to many on the simplest cases of pure polymer/air and polymer/polymer
microns[1-4]. Electrospinning, however, relies on the force interfaces. Figure 1 shows the general sample configuration
generated by an electric field on the surface of a polymeiin our studies. The indium-tin-oxide coated (ITO) microscope
solution to either enhance instabilities in a thinning jet or toslides served as the upper electrode. It is transparent and
rapidly elongate a jet of polymer solution form a nozzle. good for real time optical microscopy observations. The
While electrospinning is only now gaining in popularity, the separation distance between Si substrate and ITO glass can
fundamental physics and fluid dynamics have been understoolde controlled by evaporating thin rails of Si@h the top of
from some time[5-11]. It seems appropriate, at this time,|ITO glass or Si substrate as an insulating spacer. In the case
therefore, to discuss some of the relevant parameters abf single layer film and bilayer studies, the medium 1 and the
importance in electrohydrodynamic instabilities and to point medium 2 are air/liquid, and liquid 1/liquid 2, respectively.
to some other areas of fundamental science and applicationsA simple linear stability analysis indicated that the
that are seeing a growth. In our laboratories we have beemstability exhibits a well-defined lateral wavelength that
particularly interested in electrohydrodynamic instabilities follows a power-law dependence on the applied electric field,
in thin polymer films and we use our studies to highlight in agreement with theory[12,13]. We extend this theoretical
some of the salient features. model in terms of characteristic wavelength at liquid/air

It is well known that there is thermally excited capillary interface to more general case for liquid/liquid bilayer and
wave at the interface, where the amplitude and wavelengtlobtain experimental data to test the model. The characteristic
are governed by the interfacial tension and any pressurewavelength at the interface of liquid/liquid bilayer can be
acting on the interface. An external electric field applied given as[14,15]
across the interface exerts an electrostatic pressure on the
interface that will amplify the fluctuations. The electrostatic , _ 2w _phof/?rfl—ho  hor??
pressure works against interfacial tension, which is given by - U 1 1|00 O g g,U
the product of the interfacial energy and the interface area,
to generate electrohydrodynamic instabilities. The small
wavelength fluctuations are suppressed since they are towhere d-h andh are the film thicknesses of liquid 1 and
costly energetically. The long wavelength fluctuations, on liquid 2 with dielectric constants ande,, respectivelyy;, is
the other hand, are also suppressed due to the fluid dynamicthe interfacial tension between liquid 1 and 2, gnd the
This leads to the fastest growth of one wavelength, which idielectric permittivity in vacuum.
amplified, and eventually bridges between two electrodes. The central finding in liquid/liquid bilayer study is a
Electrohydrodynamic instabilities forms the basis for the reduction of the length scale of dynamical instabilities
electrospinning process where an electric potential is placeéhduced by an electric field when the air/liquid interface is
across the interface of a solution emerging from the tip of arreplaced by a liquid/liquid interface. A typical example is
orifice and the ground where the spun fibers are collectedshown in Figure 2. In the first set of experiments, a layer of
Here, we review and analyze experiments that address th&40 nm polyisoprene, with an air gap of 940 nm with 20 V
applied across the electrodes. An amplification of fluctuations
*Corresponding author: mrsec@polysci.umass.edu at the Pl/air interface occurred, leading to the creation of an
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array of vertically standing PI columns (Figure 2(a)). The
average distance between the center of two neighboring
columns is €., = 47.4 + 4.4um. The influence of changes

in € andy of the upper layer on the time and size scales of the
evolving structures was investigated in the second set of
experiments. Figure 2(b) shows the final state of a PI/
polydimethyl-siloxane, PDMS bilayer annealed at ambient
conditions. A visual comparison of Figures 2(a) and (b)
shows a clear reduction in length scale, associated with the
replacement of air by PDMS. The cylinder structures now

Figure 1. Sketch of the sample geometry used in the experiments.exhibit a typical spacing of d, > = 20.6 + 1.3um. This
y_cy - . — . .

A bilayer of two liquids with film thickness of, and d-hy,

respectively, is confined between two solid electrodes: a highly
polished silicon wafer (lower electrode) and an ITO coated
microscope slide (upper electrode). The distance between the tw
electrodes is controlled by the height of spacer structureg)SiO

evaporated at the edges of the slides on top of the ITO. The
temporal evolution of the confined samples under an applied electric

field is studied by optical microscopy in the reflectance mode.

(b)

Figure 2. (a) Optical microscopy image of a thin liquid filnfi o
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Figure 3. (a) Optical micrograph of a PSpg¥ 550 nm)/PDMS
(heoms= 700 nm) bilayer exposed to 50 V at I’tOfor one day.

The image size is 438x398n°. The original color images were
auto leveled and contrasted, and then converted to a grayscale to
enhance the weak contrast due to the small refractive index difference

polyisoprene, (b) Optical microscopy image of a bilayer of polyiso- between PS and PDMS. The inset shows the 2D fast Fourier
prene and oligomeric dimethylsiloxane annealed for 2 days in antransform (FFT) pattern of the corresponding optical micrographs.

electric field @-h=940 nmh = 140 nmy = 20 V). In both figures

(b) The 3D AFM height image of the PS/PDMS bilayer after

the original color images were converted to gray scale. The dimensremoval of the upper PDMS layer with heptane. The 2D FFT of the

ions of the images are 5281 by 692um (taken from Ref. 14).

AFM image is shown in the inset (taken from Ref. 15).
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spacing is about one-half that observed in the single film
experiments[14].

A systematic characterization of structure formation at the
interface of the liquid/liquid bilayers in the electric field was
also performed. Regardless of the polymers used, ven
good agreement over many orders of magnitude in reduce!
wavelength and field strength is observed using no adjustabl
parameters. An optical micrograph of the PS/PDMS bilayer
after one day under a 50 V is shown in Figure 3(a). Columns
of PS through the upper PDMS layer are evident in the
micrograph. The formation of the cylindrical structures at
the interface is clearly seen. A 2D Fast Fourier Transform
(FFT) of the optical micrograph is shown in the inset. The
appearance of a ring in the transform indicates that there is
well-defined center-to-center distance between adjacent P:
columns of 13.Qum. After removing the upper PDMS layer
with heptane, AFM was used to examine the surface of the
underlying PS layer, i.e., the interface between the PDMS
and PS layers. Shown in Figure 3(b) is the AFM image of
the PS surface obtained in the height mode. As seen
columns of PS have been produced by the electrostatic presst
acting on the original PDMS/PS interface. The average size
of the columns is 8.5+ 0.8m with an average center-to-
center distance between adjacent PS columns of 13.0 £ 1.
um. Shown in the inset is a 2D fast Fourier Transform (FFT)
of the AFM image. The six spots evident in these data
indicate that, locally, there is a hexagonal symmetry in the

SN0 =

lateral arrangement of the columns. Substituting the relevan &
parameters for the PDMS/PS bilayer case into equation (1 go um
yields a characteristic distance of 138, which agrees (b)

well with the 12.9um value measured experimentally[15].
In a second set of experiments, the upper PDMS layer wa

replaced _by a RMMA .Iayer to form PS/PMMA bilayer. system held under 30 V at 170 for one day. The image size is
Since the interfacial ter_15|0n between PS and PMépta 266x199 mri. The initial film thickness of PS and PMMA were
=_1'1 mN/m at 170C) is smaller thar_1 that for a PS/PDMS 730 and 290 nm, respectively. The inset shows the 2D fast Fourier
bilayer, ¢espoms= 6.1 mN/m) at any given temperature, then, (ansform (FFT) pattern of the corresponding optical micrographs.
from equation (1), it would be expected that the characterlstlc(b) An AFM height image of the bilayer after removal of the upper

wavelengthA would decrease. Shown in Figure 4(a) is the pMMA layer. The 2D FFT of the AFM image is shown in the inset
optical micrograph of the PS/PMMA bilayer after one day at (taken from Ref. 15).

170°C with 30V applied after selectively removing the
upper PMMA layer. Direct images of the bilayer without
removal of the upper layer were not easily seen, since thé¢he underlying PS layer was much thicker than the PMMA
refractive indices of PS and PMMA, 1591 and 1.49, overlayer. Consequently, in this case, PMMA columns form
respectively, are very similar. The 2D FFT shown in the insetwithin the PS layer. From equation ¢L¥ 2.8 um which is in
exhibits a ring, indicative of a well-defined separation good agreement with the value determined experimentally[13].
distance between the features at the interfaces. Analysis of The characteristic wavelengti, of fluctuations at the

the optical micrograph yields an average center-to-centeinterface that are amplified by the applied electric field
distance between adjacent features of 4.0 ff/with an depends upon the sample geometry, the applied field and the
average diameter of the columns of 1.7 £fm3 Shown in dielectric constants of the materials. These parameters are
Figure 4(b) is an AFM height image after removal of the explicitly shown in equation (1). We can define a reference
PMMA layer by rinsing with acetic acid. Rather than wavelength and electric field as follows:

columns, however, the AFM image shows that the features

are holes penetrating through the PS film. This results, A, = v
primarily, from the thickness of the individual layers. Here, V12(€1€>)

Figure 4. (a) An optical microscope image of PS/PMMA bilayer
after removing the upper PMMA layer with acetic acid. The bilayer
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andg, = v 3 reduced field strength using no adjustable parameters. As
°7 A
0

can be seen, there is excellent agreement between experiment
gmd theory over four orders of magnitude in the reduced
wavelength and reduced field strength[15].

The derivation of equation (1) uses a linear approximation
in treating the amplitude of fluctuations at the interface.

Using these we can define a reduced wavelength and fiel
by dividing A and E by Ay, and E,, respectively. For the
reduced wavelength we have:

2 [E,E,0%* Consequently, equation (1) should only be valid at the early
T 2711]1—22|] 4 stages of fluctuation growth and not, necessarily, at the latter
0 OE, U stages of the process which includes the results shown here.

whereE; andE, are the electric field strengths in layer 1 and Shown in Figure 6 are a series of AFM height mages
characterizing the development of structure at the interface

2, respectively. By replacing, with 1.0, & with Ep, the o' byiviA/PDMS bilayer with 19 V applied at 170 at
c_ilmen3|or_1less yarlables, can“be reduced to the polymer th'Bifferent times. Each of the images was obtained on different
ﬂln/; Criiit?iﬁ%??h?:es(t?rr::ﬁr‘::&[cleﬂ. wavele is bilayer samples where the upper PDMS layer was removed
lotted as a function of the reduced field strerE;EEbg/Egb is with heptane. Figure 6(a) shows that the initial interface was
P (Jeatureless. With time, fluctuations having a well-defined

shown in Figure 5. Shown are experimental data obtaine .
. . ateral wavelength are seen to emerge (Figure 6(b)). The 2D
from different experiments where the geometry of the L . : - .
FFT of this image, shown in the inset, exhibits a maximum

system, the field strengths and the polymers have been .
! " . . . characteristic of a wavelength or average center-to-center
varied. In addition, data from previous experiments on single

) T ' . _distance of 10.5um. As time progresses, the amplitude of
polymer layers are included. The solid line in the figure is . . .
: ; the fluctuations increases, the fluctuations become sharper
the theoretical reduced wavelength as a function of the ! .
and well-defined and begin to show a lateral order, and
instabilities that give rise to the formation of columns appear
(Figure 6(c)). The 2D FFT of this AFM image, shown in the
v inset, exhibits a maximum corresponding to an average
center-to-center distance of 1QuB, the same spacing seen
at earlier times. The surface of the PMMA after the formation
of PMMA columns that extend to the upper electrode is
shown in Figure 6(d). Contact with the upper electrode is
evidenced by the flattened top of the columns and a well-
defined lateral ordering is evident. The 2D FFT shown in the
inset exhibits a maximum corresponding to a cent-to-center
distance between adjacent columns of 185 the same as
that seen at earlier times. The preservation of the characteristic
distance throughout the growth of the columns justifies the
el comparison of the results obtained at later times to the
DA Pttt P linearized theoretical predictions. However, this does not
(E.E) EZ hold true for the characteristic times describing the kinetic
_ _ _ _ o growth of these structures. As discussed earlier, discrepancies
Figure 5. The master curve of the typical distarica varieties 6 between the predicted times and those observed, based on
thin film and bilayer experiments as a function of the electric field hg |ate stages of growth, are seen due to our inability to
strength in the Ia;/;rland layer 2. The different symbols corresponde ., 5,acterize the kinetics of the growth quantitatively[14].
to ten data set PS/PMMA bilayer with Bs = 730 nm, (d- Th : n rrentlv in r ina fluor n
hedpmma = 290 nm, U =30V; ¥ PMMA/PDMS bilayer with cor?fsc)?:asltrl:w?é?cs)s?oiycu ently In progress using fluorescent

hemma = 180-290 nm, (d-8uma)roms = 690-1030 nm, U = 19-50 V; o .
* PSIPDMS bilayer with 4= 305 nm, (d-Bdepms = 400 nm The quantitative agreement between experiment and

and 720 nm respectively, U = 50 & PS/PDMS bilayer with theoretical prec_iictions in the master curve of Figu_re 5_shows
hps = 550 nm, (d-hQeoms = 570 nm and 700 nm respectively, that by controlling the sample geometry, the applied field or
U = 50 V: O PSBr/air single layer withoks, = 740 nm, d = 1.66-  the interfacial energy, the size scale of the fluctuations can be
1.98m, U = 20-60 V:@ dPS/air single layer withyss = 530 nm, d controlled or manipulated. For a given geometry, polymer
=1.06-1.85um, U =30V, ¥, v, B, and[] were the measure- pair and field Strength, redUCing the interfacial tension
ments from reference 3, which corresponded to Pl/air thin film, PI provides a route to decrease the size scale of the fluctuations.
ODMS bilayer, OS/air thin film and OS/ODMS bilayer systems Smaller size scale fluctuations that produce a larger interfacial
respectively. The straight line was calculated based on the equatioarea, can be amplified if the interfacial tension is reduced. It
(4) with a slope of-3/4 (taken from Ref. 15). is well known that the addition of block copolymers that
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Figure 6. A series of AFM height images as a function of time of a PMMA/PDMS bilayer after removal of the PDMS Jdayg=(220

nm, hbpus= 890 nm) with 19 V applied with heptane. The insets show a FFT of the images. The time sequence of the images correspond t
the (a) initial interface, (b) initial stages of fluctuation growth, (c) amplification of fluctuations, and (d) the impingeRMMA columns

on the upper electrode (taken from Ref. 15).

segregate to the to polymer/polymer interfaces reduces thdewetting kinetics is not influenced by the electric field.
interfacial tension and, hence, provides an easy route towardStronger electric fields lead to a spinodal electrohydrodynamic
structures that are hundreds to tens of nanometers in size. instability which causes the formation of polymer columns
the case of thin polymer films, a surface-active agent shouldn top of the second polymer. The rapid column formation
cause a similar effect. With fixed interfacial energies, increasingeads to a substantial deformation of the lower polymer layer
the electric field provides the easiest route to control theat the column contact line, caused by the high viscous stress
lateral length scales of the fluctuations. By combining both concentration there.
these effects, the characteristic lateral length scale of the The sample setup of the air /PS/PMMA trilayer is shown
fluctuations can easily be placed in the nanoscopic levelin Figure 7. Rather than carrying out a time series with a
Studies are in progress to systematically vary the concentrationonstant applied field (which limits us to an optical investiga-
of the copolymer at the interface so as to develop a protocdlion of the sample only), the use of a wedge geometry is an
for controlling the lateral dimensions quantitatively. alternative means of observing (in a quasi static manner) the
External electric fields were also used to amplify interfacial growth of the instability, since the onset of the instability
fluctuations in the air/liquid 1/liquid 2 system where one scales with the sixth power of the electric field in the
polymer dewets the other[18wo different hydrodynamic  polymer film[13].Several different instabilities of the liquid
regimes were found as a function of electric field strength. If1 layer can be observed on the same samplgfl)6]For
heterogeneous nucleation leads to the formation of holesery large electrode spacings, the double film was
before the electrostatically driven instability sets in, the predominately stable, except for isolated dewetting holes.
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Figure 7. Typical sample configuration in the study. The/ air i I ) . . . i .
Polystyrene(PS)/Poly(methyl methacrylate) (PMMA) system was 00 05 10 15 20 25 30 35 40
sandwiched between a highly polished and doped siliconr wafe L~ ORI 0 . WORAUO

(lower electrode) and an ITO microscope slide (upper electrode).
The distance between the two electrodes was controlled byFigure 9. Deformation of height under the dewetting rim as a
evaporating SiQas a spacer (at the edges of the slides on top of thefunction of the ratio of the molecular weights of the PS and PMMA
ITO). Typically, the electrode spacing varied by a few micrometersfrom Lambooyet al[17] (black squares) and our experiments (gray
over a lateral distance of approx. 1 cm. The structure formatfons oarea). The triangles are the deformations observed for the PMMA-
the system under an applied electric field (0V, 30V, and 60 V) 95 k/IPS-96 k system with 30 V applicdl ( sample 2/ : sample 4)
were studied by optical microscopy in the reflectance moder Afte and the inverted triangles were obtained with 60 V applied fo
removal of the top electrode, the sample was imaged by atomiPMMA-95 k/PS-96 k (sample 3) and PMMA-27 k/PS-96 k (sampl
force microscopy (taken from Ref. 16). 9). The inset shows the deformation of height as a function of separa-
tion distance of the electroded, for the PMMA-95 k/PS-9é
bilayer at 60 V applied field (samples 5, 6, 7) (taken from Ref. 17).

observed (see Figure 8 center and top right, respectively).
The structure in the center of the micrograph consists of an
initial column (primary cylinder) that was heterogeneously
nucleated earlier in the experiment. As the dewetting rim
grew in size and height, fluctuations with a characteristic
spacing were amplified and grew into regularly spaced
columns (secondary cylinders). Each secondary column was
then surrounded by its own dewetting zone. As PS dewets
the PMMA, PS accumulates in the dewetting rim, changing
the position of the PS/air interface locally. This creates an
instability along the rim which, in turn leads to the formation
of secondary cylinders. Similar to the nucleated instability,
the columns formed by a spinodal process (Figure 8 top
right) are each surrounded by a dewetting zone.

The extent of the deformation of the PMMA/PS interface
Figure 8. An optical microscope image of air/PS-96 k/PMMA- in the vicinity of the 3-phase contact line can be characterized
95k trilayer with 30V applied in the configuration shown in by the heighth, i.e. peak to baseline distance. Shown in
Figure 7. The image size was 212x212 fimken from Ref. 16). Figure 9 is the height of the deformation of the primary

cylinder at the PMMA/PS interface under the PS columns as

a function of the ratio of PS and PMMA molecular weights.
(2). For intermediate electrode spacings, an undulatingAs seen, as this ratio increase or as the mobility of PMMA
instability of the liquid 1 surface with a characteristic increases in comparison to that of PS, the extent of
wavelength is observed (see Figure 8, bottom left). (3). Atdeformation at the PMMA/PS interface increases. In addition,
small enough electrode spacings, an electrohydrodynamiéor a given ratio of molecular weights, as the applied field
instability caused the formation of liquid columns. This strength increases by increasing the applied voltage while
instability is accompanied by the dewetting of PS on top offixing the separation distance, between two electrode, or
PMMA. Both, the nucleated and spinodal instabilities are by decreasingl while keeping the applied voltage (inset in
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Figure 10. Sketch of the sample configuration in the study. Eithe

periodic or gradient Au/Cr electrodes with finite widthyinan be
prepared by electric beam lithography.
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are formed and the characteristic wavelength of 40 um with
an average diameter of 17 um is established eventually.
Experiments are being performed as a function of the film
thickness, the applied field, the width and the shape of the
pattern electrodes to quantify the confinement effect imposed
by the finite size upper electrode.
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Figure 11. Spatio-temporal evolution of 340 nm PI thin filmunde g
50 um Au/Cr stripe with 15 V applied.

9.
10.
Figure 9), the magnitude of the deformation increases. 11.
Rather than sandwiching the polymer thin film in between 12.
two infinite long electrodes, patterned electrodescan be used
that introduce a local enhancement of the applied field. Thel3.
evolution of surface instabilities under finite size upper
electrode leading to the pattern formation and selection inl4.
the electric field is being investigated. Figure 10 shows the
experimental configuration in the study. The stripe-like Cr/
Au electrodes are infinitely long i but with a finite width
in y. A real time study of 340 nm PI thin film under 5&
Au/Cr electrode with 15V applied is shown in Figure 11. 16.
The buildup of instability is clearly evident around 1000 mins.
With time, the amplitudes of fluctuations are enhanced, thel7.
formation of PI columns, which bridge between two electrodes,
can be seen in 1350 mins. As time progresses, more columns
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