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Abstract In an attempt to improve surface wetting
and coating characteristics, a novel technique, i.e.,
imposing ultrasonic vibration on the substrate, is
introduced. This technique is combined with conven-
tional ultrasonic spray coating, thus substrate vibra-
tion-assisted spray coating (SVASC), and is employed
to fabricate PEDOT:PSS thin films. PEDOT:PSS is a
co-polymer, commonly used as solar cell buffer layers
and thin-film electrodes. Advanced surface charac-
terization techniques, such as atomic force microscopy
and confocal laser scanning microscopy are utilized.
The results show that the application of the imposed
vibration on the substrate results in a significant
decrease in surface roughness, film thickness, and the
number of defects and pin-holes. In terms of the film
functionality, the electrical conductivity of the PED-
OT:PSS films made using the SVASC technique shows
a four-time increase, compared to those made by
conventional ultrasonic spray coating. In conventional
ultrasonic spray coating, increasing the number of
spray passes or deposition layers usually improves the
coating uniformity. For aqueous PEDOT:PSS solution
and within the range of the values of the parameters
investigated in this work, with imposed substrate
vibration, the number of spray passes is immaterial,
as far as the film uniformity is concerned. However, the
application of multiple spray passes enhances the film’s
electrical conductivity. Our unprecedented results on
the combined substrate vibration with spray coating
provide a platform for low-cost fabrication of solution-
processed thin-film solar cell devices, and a forward
step toward commercialization of emerging solar cells,

such as polymer and perovskite solar cells. The positive
effect of using imposed substrate vibration on spray-on
solar cell thin films may be deployed in other coating
(e.g., spin coating) and spray coating applications as
well.
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Introduction

Spray droplets or a droplet stream impinging on a
substrate have many applications in conventional and
emerging coating technologies, such as thermal barrier
coatings, spray painting, ink-jet printing, and the
fabrication of functional thin films and electronic
devices, such as solution-processed thin-film solar
cells.1 The quality and functionality of the films depend
on how well the spray droplets impact, spread, wet the
surface, and finally dry to form a thin solid film.
Droplet spreading and surface wetting depend on
droplet dynamics (Weber and Reynolds numbers), the
impact on the substrate, as well as surface wettability
characteristics.2 Impinging droplets on a substrate
spread, usually merge and coalesce under favorable
conditions, forming a thin liquid film, which subse-
quently dries, leaving behind a thin solid film. A higher
Weber number results in a better spreading, although
there is a threshold beyond which droplet splashing
occurs, which is usually detrimental to the quality of
the film and should be avoided.3,4 On the other hand,
the substrate may be modified to improve its wetta-
bility via decreasing the contact angle; however,
surface modification may not always be practical,
particularly when stacked films are formed on top of
one another, e.g., in thin-film solar cells. Besides the
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two aforementioned factors controlling droplet spread-
ing, the application of external forces, such as elec-
trowetting5 and substrate or droplet vibration, may
change the contact angle and wetting behavior. Even
tilting the substrate affects surface wetting due to the
gravitational force. In the case of substrate vibration,
energy is transferred into impinging droplets via
shaking and vibrating the droplets or the substrate. It
is well known that the energy generated from an
ultrasonic transducer covered by a liquid film results in
the formation of capillary waves on the liquid surface
and ejection of droplets from the surface, a process
which is called ultrasonic atomization.6 This simply
indicates that the energy of vibration can significantly
agitate the impinged droplets, thus improving mixing,
spreading, and wetting. When individual droplets, such
as sessile droplets placed on a substrates, are consid-
ered, it has been shown that vibrating or shaking the
droplets or the substrate results in unpinning and
moving of the droplet contact line and a change in the
contact angle; thus, droplet spreading may enhance
and droplets may even move uphill.7–16 If droplet
acceleration is low, the contact line remains pinned and
the contact angle fluctuates within the hysteresis
bounds, i.e., between the advancing and receding
contact angles.13 For a sessile droplet on a flat
substrate, the actual contact angle usually takes a
range of values from the lowest, the receding angle, to
the highest, the advancing angle. Substrate vibration
can change the force balance between the interfacial
tensions and provide the energy required to move the
contact line. When excited by vibration, droplets may
also spread as a result of a change in the energy
balance defining the location of the contact line. When
vibration is imposed, droplets spread to a maximum
radius for the given excitation. Once dynamic forces, in
this case imposed vibration, are removed, the spread
droplet may remain stable or retract. If the droplet
remains stable after excitation ceases, this indicates
that the resulting contact angle after spreading is still
above the receding angle, and hence the spread droplet
is stable. On the other hand, if once the vibration has
ceased, much of the fluid retracts, forming a uniform
circular area or a random shape (depending on the
local surface roughness), this retraction indicates that
the contact angle reached as a result of vibration had
exceeded the receding contact angle at equilibrium (no
vibration); hence, the spread droplet is no longer
stable, once vibration has stopped.15 The enhanced
droplet spreading, as a result of vibration, therefore
facilitates merging of neighboring droplets and thus
may lead to the formation of a thin liquid film, which
may not be achieved without vibration. Once a liquid
film has formed, the droplet contact line no longer
exists and the force balance is altered. Therefore,
although the dynamic forces, such as vibration, are
removed, the thin liquid film may remain stable, if
there is no source of instability that would cause
dewetting, such as surface contamination or instability
due to spinodal dewetting. Then, rapid drying of the

formed thin liquid film warrants the formation of a
defect-free thin solid film, desired for many practical
applications, such as thin-film solar cells.

Following the aforementioned theoretical back-
ground and the existence of practical applications,
such as ink-jet printing on a moving substrate or spray
painting on a moving conveyer, various works have
been performed to study the effects of substrate
movement or vibration on spray and jet interaction
with the substrate, for example, references 17–21. The
applications of substrate vibration in flow manipulation
and mixing in microfluidic devices22,23 have been
reported as well. If the vibration frequency and energy
are high, instead of enhanced surface wetting, vibration
may lead to the development of strong waves leading
to surface dewetting. This effect has been used in
surface patterning using dewetting of polymer solu-
tions on a substrate.24 In most of the above-mentioned
examples, the wetting problem is usually studied from
a fluid mechanics perspective, and the film formation
and the coating process have not been considered.

Inspired by the forgoing works and the potential for
using imposed substrate vibration for the formation of
uniform thin films, we recently investigated the effect
of imposing ultrasonic vibration on rough paper
substrates subjected to spray coating of a food dye
solution.25 A considerable improvement in coverage,
integrity, and uniformity of the films was observed
when a vibrating substrate was employed. Substrate
vibration simply improves spreading and coalescence
of the impinging droplets, before being completely
dried; impingement of droplets onto an ultrasonically
vibrating surface could also result in further droplet
breakup into several smaller droplets due to the
ultrasonic atomization effect. In the no-vibration case,
the dye film was composed of discrete but aggregated
grains and crystallites, while with vibration the film had
a uniform surface. That work was qualitative but
proved the effectiveness of the imposed vibration on
improving the film uniformity.

In this work, a systematic study is performed on a
widely explored and used solar cell material, i.e.,
PEDOT:PSS or poly(3,4-ethylenedioxythio-
phene):poly(styrenesulfonic acid), using the so-called
substrate vibration-assisted spray coating (SVASC)
technique. SVASC combines the idea of imposed
substrate vibration with spray coating. In this study,
the substrate is ultrasonically vibrated, while lower
frequencies may have a similar effect as well. The
PEDOT:PSS film, if processed under the right coating
conditions, and if the two components, namely
PEDOT (conductive) and PSS (which is added to
improve dispersion of PEDOT in the solution), are
properly mixed, can be transparent and conductive
and, therefore, suitable as an electrode in thin-film
solar cells, such as polymer and perovskite solar cells.
Also, due to its crystallographic structure, PEDOT:PSS
is a hole-transfer material and therefore is typically
used as a buffer layer in polymer and perovskite solar
cells.26,27
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Experimental

Materials and methods

Pristine PEDOT:PSS aqueous solution (Sigma-Al-
drich, USA) used here consisted of 1.3 wt% of
commercial PEDOT:PSS (0.5% PEDOT: 0.8% PSS)
with the solution electrical conductivity of 1 S/cm.
The molecular weight of PEDOT:PSS was deter-
mined to be 65230 g/mol.26 Two different solution
concentrations were used: 0.013 g/mL (as-received
pristine solution) and 0.0065 g/mL. Spray py-
rolysis/coating equipment (Holmarc Opto-Mecha-
tronics Pvt. Ltd., Model HO-TH-04, India) was used
to prepare PEDOT:PSS thin films. The experimental
set-up consisted of a solution dispersion container
with 50 mL internal volume, a compressor to provide
the carrier air flow, a hot plate to regulate the
substrate temperature, and spray nozzles or atomiz-
ers. The apparatus may work using the conventional
air-assist nozzle or ultrasonic nozzle, where the
latter is more controllable, and therefore was em-
ployed in this study. The piezoelectric ceramic of the
ultrasonic nozzle vibrates at a frequency of 40 kHz
at the power of 5 mW. High-frequency vibration of
the piezoelectric ceramic connected to the spray
nozzle results in the ultrasonic atomization of the
precursor upon emergence from a capillary, where
droplets with the average size of 50 lm and a narrow
size distribution form. A 2D traveling arm, connect-
ed to a stepping motor controller, manages the
nozzle tip movement with pre-programmed speed
and spraying strategy and the number of back and
forth passes. A syringe pump controls the delivery of
solution from the dispersion container into the spray
nozzle. The pressure of the carrier air is adjusted by
a pressure-regulating valve. The substrate is placed

on a plate with controllable temperature, mounted
on an ultrasonically vibrating transducer. This trans-
ducer is different from the ultrasonic transducer
used in the spray nozzle for liquid atomization; its
purpose is to impose an external force to the
substrate to improve the coating process. An ultra-
sonic signal generator (Dukane, IQ series, China)
with a power of 10 W at 15 kHz drives this ultrasonic
transducer. The effects of substrate temperature,
solution concentration, and the number of spray
passes on the film quality were studied. Various
combinations of operating conditions were tested in
order to find the optimal set-point of other variables
as follows: The nozzle tip-to-substrate distance was
kept constant at 80 mm, the lateral nozzle velocity
was set at 100 mm/s, and the flow rate of the
precursor solution was set at 10 mL/min. In order
to observe the effect of substrate vibration on the
film morphology, all experimental runs were repeat-
ed with stationary substrates as well. Table 1 sum-
marizes the operating conditions and thickness and
roughness of the prepared thin films, for the cases
with and without substrate vibration.

The substrates (glass, 25 mm 9 25 mm) were
cleaned by detergent, isopropyl alcohol, and deionized
water, in an ultrasonic bath (model XUBA3, Grant
Instruments, UK) for 15 min, dried in a vacuum
furnace (model DZF-6020, Jiangsu Zhengji Instru-
ments Co., Ltd., China,), and placed in an ultraviolet
cleaner (model 144-AX, Delight Co. Ltd., China) for
15 min, before being subjected to the spraying process.
The as-sprayed films were dried either at room
temperature in a sealed glass container or in a furnace
with a constant temperature of 125�C. Figure 1 pre-
sents the schematic of the experimental set-up, utilized
for the fabrication of spray-on PEDOT:PSS films on a
vibrating substrate.

Table 1: Operating conditions and thickness and roughness values for PEDOT:PSS thin films fabricated by spray
coating on vibrating and stationary substrates

Run no. C0 (g/mL) T (�C) # of passes Film thickness (nm) Roughness (nm)

SVASC SC SVASC SC

1 0.0065 25 1 23 38 11 14
2 0.0065 25 2 36 46 7 9
3 0.0065 125 2 31 57 4 8
4 0.0065 125 4 65 88 5 11
5 0.0130 25 1 31 67 14 49
6 0.0130 25 2 50 196 6 21
7 0.0130 125 1 38 95 17 45
8 0.0130 125 2 68 135 10 24
9 0.0065 25 4 81 92 8 12
10 0.0065 125 1 19 29 7 12
11 0.0130 125 4 129 179 11 30

Liquid flow rate: q = 10 mL/min; Nozzle tip speed: uN = 100 mm/s; Carrier air pressure: P = 3 bar

SVASC substrate vibration-assisted spray coating, SC conventional ultrasonic spray coating (no substrate vibration), C0 initial
solution concentration, T substrate temperature
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Analysis and characterization

Several advanced tools were utilized to characterize
spray-on PEDOT:PSS thin films. Surface profiles and
3D topography images and thicknesses of the thin films
were obtained by a nano-scale resolution confocal laser
scanning microscopy (CLSM, model LMS700, Zeiss,
Germany). The optical mode of this microscope was
employed to observe the surface patterns and structure
of thin films in a large field of view and also to observe
the fingerprint of impinged and dried scattered
droplets on the film. The surface integrity and rough-
ness were evaluated by an atomic force microscope
(AFM, model Dimension 3100, Veeco Instruments
Inc., USA), in the tapping mode and using the height
images. Roughness values were reported as the root of
mean squares. AFM phase images were also used to
study the distribution of PEDOT and PSS phases in the
PEDOT:PSS films. Electrical conductivities of the
prepared thin films were measured via the 4-point
probe measurement technique (Ecopia, model HSM-
5000, Bridge Technology, USA). Probes were posi-
tioned along an 8-mm-long line in equal distances,
under an optical microscope. Measurements were
taken in the form of current vs the applied external
voltage (Vmax = 5 V). A sample is considered to be
conductive if current varies systematically versus the
applied voltage. Physical properties of PEDOT:PSS
solution, such as surface tension, viscosity, and
molecular weight, were measured and reported in our
previous work.26

Results and discussion

In spray coating, the film forms as a result of impact,
spreading, and coalescence of micro-meter-sized dro-
plets. Therefore, the film characteristics may be studied
locally using AFM, which provides close-up images of
a small area, typically much smaller than the size of an
impinged droplet, or using large-view optical images
with lower magnification, in an attempt to study the
coating characteristics globally. Here, we will take
advantage of both techniques. Figure 2 shows the
AFM close-up height images, showing the effect of
vibration on the surface structure and topography of
spray-on PEDOT:PSS films. Two thin films are made
at each run, under the same processing conditions, but
one without substrate vibration (stationary substrate)
and the other with imposed substrate vibration.
Figure 2 also shows the effect of substrate temperature
and initial solution concentration on the film topogra-
phy. In our previous work,26 we have discussed the
effect of temperature and concentration on the mor-
phology of the spray-on and spun-on PEDOT:PSS
films made under no-vibration conditions. For instance,
at high substrate temperature, the spray-on films are
wavy and lamella-like, indicating that, on the top, the
film is PSS-rich (because PSS is hydrophilic), while at
the lower temperature, the grains of PEDOT:PSS (PSS
shell on PEDOT core) are seen on the surface. Here,
we focus more on the effect of vibration on the film
morphology. Comparison of the images on the left
column (with vibration) and right column (no vibra-
tion) reveals that the imposed vibration results in the
formation of a smoother film with finer grains. From
Table 1, it is found that the surface roughness sig-
nificantly decreases when the substrate is ultrasonically
vibrated. The extent of a decrease in film roughness, as
a result of vibration, depends on other processing
conditions, and in some cases it is more than 50%. The
film thickness also significantly decreases when the
substrate is vibrated. This implies that, as a result of the
substrate vibration, the wetted area increases, given
that the substrate is unbounded and the liquid can
spread, covering a larger area. Figure 3 clearly shows
the effect of vibration on the surface profile and
roughness of spray-on PEDOT:PSS films made at Run
10 (T = 125�C, C0 = 0.0065 g/mL, and number of spray
passes = 1). These roughness profiles were obtained
using AFM along a 10-lm line. In both cases, an
integrated thin film has formed with no pin-holes,
although in the no-vibration case, deep valleys are
observed, making the film susceptible to rupture and
consequently causing a decrease in the solar cell device
shunt resistance, which is detrimental to the device
performance. At the no-vibration condition, wide
peaks and valleys are observed, whereas when vibra-
tion is imposed, the shaking effect has filled the valleys
to a large extent, resulting in a more uniform film.
From a fundamental point of view, the phenomenon
observed here seems to be different from the spreading

Solution droplets

(4)
»»

(3)

(5)

(6)
(7)

(1)

(2)

Fig. 1: Schematic illustration of the experimental set-up
used for the fabrication of PEDOT:PSS films using the
substrate vibration-assisted spray coating (SVASC) tech-
nique; (1) ultrasonic spray nozzle tip, (2) 2D traveling arm,
(3) solution inlet, (4) holder plate with controlled tem-
perature, (5) substrate, (6) ultrasonic vibration transducer,
and (7) ultrasonic power supplier. The double arrows
beside the plate show the direction of imposed vibration,
which is lateral
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and moving of single sessile droplets on a vibrating
substrate, in that, in this case a film has already formed,
there is no contact line, and the vibration has a mixing
and stirring effect. This is a quite effective strategy for
film and coating formation, since when the vibration
has ceased, the modified film will remain intact,
provided that surface defects and similar unfavorable
destabilizing effects are absent.

To gain insight into the overall quality and integrity
of the film in a larger field of view (500 lm 9 800 lm),
which can capture possible boundaries between im-
pinged droplets, 3D optical images of some represen-
tative spray-on PEDOT:PSS thin films, fabricated
using single and four-spray passes, are shown in
Figs. 4 and 5, respectively. The topography of the films
shown in these large-view images is similar to that of
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(a) Run 7: T = 125ºC; C0 = 0.0130 g/mL 

(b) Run 5: T = 25ºC; C0 = 0.0130 g/mL

(c) Run 10: T = 125ºC; C0 = 0.0065 g/mL 

Fig. 2: AFM close-up height images showing the effect of vibration on surface structure and topography of spray-on
PEDOT:PSS films. The left column shows the images of the films made on vibrating substrates, while the right column
shows the films made on stationary substrates, with other process conditions kept identical. (a) Run 7, (b) Run 5, and (c)
Run 10. The nozzle tip moves at a constant speed in both cases
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the AFM close-up images, confirming that the spray-on
films are integrated and uniform, i.e., the impinging
droplets have merged upon impact, forming a con-
tinuous thin liquid film. These figures show that the

effect of substrate vibration is to improve the film
uniformity, through damping or elimination of large
amplitude surface waves, wrinkles, sharp peaks, and
pin-holes. It is speculated that nonultrasonic vibrations
with moderately high frequencies and low amplitudes
would have a similar smoothing effect on the film.

Having the knowledge of the nano-structure of
PEDOT:PSS thin films is crucial for understanding the
influence of processing parameters on the electrical
conductivity of such films. PEDOT is the conductive
component, while PSS is used to improve the disper-
sion of PEDOT in the solution; PEDOT:PSS grains
have a PEDOT core coated with PSS, and the
PEDOT:PSS grains are distributed in a matrix of
PSS.26 Therefore, anything that could improve the
uniform distribution of PEDOT:PSS grains within the
film and hamper the occurrence of discontinuities
between such grains could potentially lead to an
increase in the film’s electrical conductivity. Thus,
uniformity and smoothness of the film surface, as well
as uniform distribution of PEDOT:PSS grain within
the entire matrix of the film, contribute to its conduc-
tivity. In line with this discussion, it has been shown
that a spraying strategy comprising multiple passes
results in a decrease in surface roughness of PED-

Vibrating substrate Stationary substrate

(a) Run 1: C0 = 0.0065 g/mL

(b) Run 5: C0 = 0.013 g/mL

Fig. 4: Large field-of-view (500 lm 3 800 lm) optical images of spray-on PEDOT:PSS thin films, fabricated using a single-
spray-pass strategy on vibrating substrates (left column), and their counterparts made on stationary substrates (right
column). (a) Run 1 and (b) Run 5. Substrate temperature: T = 25�C

0 9962
8.64

29.18

3.90

nm

9.71

(nm)

(a)

(b)

Fig. 3: Effect of vibration on the roughness of spray-on
PEDOT:PSS films; (a) prepared at Run 10 (T = 125�C,
C0 = 0.0065 g/mL, and number of spray passes = 1) and
(b) prepared at the same conditions as Run 10, while the
substrate is kept at the stationary mode. Surface profiles
were obtained by AFM along a 10-lm line
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OT:PSS film, and therefore its conductivity increases.26

Comparison of the images of Fig. 4 (single pass) with
those of Fig. 5 (four passes) reveals that, as far as the
surface uniformity is concerned, the application of
surface vibration, in fact, lifts the need for using
excessive multiple passes, because the samples of Fig. 4
made under substrate vibration using a single pass are
highly uniform. However, for further improved func-
tionality of the film, for instance, better electrical
conductivity of PEDOT:PSS, applying a few additional
spray passes is advantageous.26

In Fig. 6, the film lateral electrical conductivity
values are shown on AFM phase images, where single-
and double-spraying strategies using vibrating and
stationary substrates were applied. It is noted that
imposing vibration results in a decrease in the film
thickness and a change in the I–V curve and resistance
(not resistivity) of the measured area. However, since
the electrical conductivity is an inherent property of
the material (a composite material in this case), it is not
affected by a change in the film thickness (assuming
that the nano-structure and surface roughness remain
the same), as far as the film thickness is adequately
smaller than the measurement length in the four-probe
test. The AFM phase images in Fig. 6 show the two

components, i.e., PEDOT:PSS grains and PSS matrix,
with a color contrast. Therefore, the level of mixing of
the two components of the film can be inferred from
the phase images. Fabrication of the film on a station-
ary substrate using a single spray pass (T = 25�C and
C0 = 0.0130 g/mL) results in poor distribution of
PEDOT:PSS grains and therefore an electrically dis-
continuous and nonconductive film (Fig. 6b), whereas
imposing ultrasonic vibration enhances mixing, unifor-
mity, and therefore conductivity (Fig. 6a). A double-
pass-spraying strategy at a higher substrate tem-
perature (T = 125�C, C0 = 0.0130 g/mL) results in a
smoother film, better mixing, and, therefore, improved
conductivity (Figs. 6c and 6d). When the substrate is
stationary (Fig. 6d), a PSS-rich layer covers up the
PEDOT:PSS grains, although the film is still conduc-
tive. The imposed vibration enhances PEDOT:PSS
grain distribution, resulting in a four-time increase in
the film’s electrical conductivity. This conductivity
using imposed vibration is comparable with those
obtained using time-consuming solvent and heat treat-
ment methods,28 but smaller than the state-of-the-art
conductivity values of PEDOT:PSS films made by lab-
scale methods and using post-treatments and structural
change of PEDOT:PSS by doping with conductive

Vibrating substrate Stationary substrate

(a) Run 12: T = 25ºC

(b) Run 11: T = 125ºC

Fig. 5: Large field-of-view (500 lm 3 800 lm) optical images of spray-on PEDOT:PSS thin films, based on a four-spray-
pass coating strategy on vibrating substrates (left column), and their counterparts formed on stationary substrates (right
column). (a) Run 12 and (b) Run 11. The initial solution concentration for both cases is C0 = 0.0130 g/Ml
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components, such as nano-fibers.29,30 It is expected that
employing the high-conductivity-grade PEDOT:PSS
solution, combined with imposed vibration on the
substrate, would result in highly conductive solution-
processed spray-on PEDOT:PSS films suitable for
stand-alone solar cell electrodes.

Conclusions

PEDOT:PSS thin films were fabricated using a new
version of spray coating introduced here, called the
SVASC, as a viable scalable fabrication method. The
effects of substrate temperature, solution concentra-
tion, number of spray passes, and imposing ultrasonic
vibration on the substrate on the film morphology and
electrical conductivity were studied. Substrate vibra-
tion had previously been shown to improve droplet
spreading, but here for the first time we systematically
studied the effect of vibration on the coating process of
a solar cell material. The major conclusions are as
follows: The effect of ultrasonic substrate vibration,
used in this work, was found to be quite positive on
spray-on films and coatings, resulting in a much
smoother surface. High-frequency ultrasonic substrate
vibration, with reasonable power, agitates the thin
liquid film without breaking it off, resulting in well-
mixed PEDOT:PSS grains within the film. Vibration

also fills the valleys formed in the films, eliminating the
wavy structure of the surface. This uniform distribution
of PEDOT:PSS grains results in enhanced electrical
conductivity. PEDOT is the conductive component of
PEDOT:PSS, and the film is only conductive if
PEDOT:PSS grains are well distributed within the
matrix. It was also found that an increase in the
number of spray passes results in a higher electrical
conductivity.

From a theoretical point of view, it was found that
the effect of vibration on a thin liquid film is different
from the same effect on a vibrating sessile droplet. The
thin liquid films formed by spray coating under the
conditions of this work were continuous, and therefore
the interfacial tensions were associated with liquid–
solid and liquid–gas phases only, whereas in a sessile
droplet, a force balance exists between the interfacial
tension among all three solid, liquid, and gas phases.
Therefore, in surface coating, if the power and
frequency of vibration are suitable and well tuned,
the thin liquid film will be finely stirred, improving the
film uniformity. In the case of a high-power-imposed
vibration, surface vibration may result in dewetting.
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