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a b s t r a c t

Previous studies suggest that most theoretical models for drop evaporation based on an ideally simplified
domain in which evaporation occurs do not correlate well with experimental results. The present paper
proposes a novel empirical model f(h) as a simple function of the contact angle h, which is to be used to pre-
dict temporal evolution of a sessile water drop volume when the drop evaporates on surfaces of various
wettabilities widely adopted in microelectronic engineering. For hydrophilic and hydrophobic surfaces,
the evolution of the drop volume during the evaporation process can be predicted more accurately by rep-
resenting f(h) as an empirical linear function rather than by using previous theoretical models. Furthermore,
the proposed model can account for the increased evaporation rate on smooth surfaces, thus providing a
wide applicability to various substrate surfaces. For cases involving a superhydrophobic surface, f(h) can
be represented by an empirical constant because the contact angle remains constant during evaporation,
which is in excellent agreement with the experimental observation.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

Evaporating drops play an important role in microelectronic
engineering in conjunction with inkjet printing technique [1,2],
growth process of an array of semiconductor nanoparticles [3], and
evaporation driven self-assembly (EDSA) system [4], as well as in
biotechnology related to DNA chip manufacturing [5–7], where
surfaces with different wettabilities, i.e., hydrophilicity, hydropho-
bicity, and superhydrophobicity, are used for diverse purposes.
Nowadays, an increasing amount of microelectronic engineering
surfaces interacting with liquid drops possess hydrophobicity
[8–10]. Moreover, there is a rising interest in evaporating drops on
solid surfaces with extremely high water-repellency, such as super-
hydrophobic surfaces [11,12] while the rapidly developing micro/
nanotechnology has facilitated the fabrication of these surfaces
[13–15]. As is well known, the evaporation characteristics, such as
contact radius, contact area and volume, of a sessile drop are signif-
icantly affected by the contact angle [11]. It has been also demon-
strated that when a colloidal drop dries on a superhydrophobic
surface, the ‘coffee ring’ phenomenon [16] occurs rather differently
from that on a hydrophilic or a hydrophobic surface [17].

A literature survey indicates that many research efforts have
been made to predict the temporal evolution of the drop volume
during the evaporation but there is still much room for further
development. Picknett and Bexon [18] developed a theory to predict

the evaporation rate at any time in the life of a drop, based on the
spherical cap geometry. Rowan et al. [19] also proposed a model
incorporating the spherical cap geometry, but neglected the evapo-
ration flux at the drop edge. Shanahan and Bourgès-Monnier model
[20,21] used a self-consistent approach to get a radial diffusion
gradient of the liquid vapor. However, it is noted that f(h) which
represents the dependence of evaporation rate on the contact angle
h, proposed by most previous researches, is not coincident with the
experimental data for h < 90�, not to mention for h > 90�.

The present study experimentally investigates the evaporation
of sessile water drops on various surfaces that are hydrophilic,
hydrophobic and even superhydrophobic. We compare the present
experimental results to the existing theories and discuss the valid-
ity of the previous models. This study then proposes an empirical
relation f(h) that can be used to predict more accurately the evap-
oration rate of a sessile drop for various surface wettabilities that
are widely adopted in microelectronic engineering such as water-
repellent coating, self-cleaning, and surface patterning.

2. Materials and methods

We observed the evaporation processes of deionized water
drops on various surface materials. For the hydrophilic surfaces
having equilibrium contact angles of he < 90� with water, we chose
a bare silicon wafer, thermal SiO2 wafer, sand-blasted glass, slide
glass and gold. For the hydrophobic surfaces having contact angles
he P 90�, poly-tetrafluoroethylene (PTFE), platinum and a self-
assembled monolayer of octadecyltrichlorosilane (OTS) coated
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glass were chosen. For the superhydrophobic surfaces, alkyl ketene
dimer (AKD) coated glass and microfabricated structure were cho-
sen. For the AKD surface, a chloroform–AKD mixture was sprayed
onto a glass surface and left to dry for 3 h. The surface roughness
of each material was measured by an Atomic Force Microscopy
(XE-150, PSIA, USA) and averaged over five measurements. The val-
ues of he and the surface roughness of each material are listed in
Table 1.

After placing a mm-sized water drop on the surface in a temper-
ature-controlled environment, images of an evaporating drop were
taken every 20 s using a cooled CCD camera (SensiCam, PCO,
Germany) periodically triggered by a computer. Temperature and
relative humidity of the ambient air were measured by ETL Digital
Thermo-Hygrometer (CS-201, China) with an accuracy of 0.1 �C
and 1%, respectively. During the experiment, the temperature and
relative humidity remained constant with variations of ±1 �C and
1%, respectively. The vapor diffusivity and the saturated vapor
density were calculated by the formula given by Vargaftik [22] and
Kimball et al. [23], respectively.

To measure the contact radius and the height of the drop from
the images, we secured five points on the drop/air interface and
six points on the air/substrate interface using MATLAB in con-
junction with a homemade threshold routine. Then, the contact
angle of the drop was deduced by assuming a spherical cap shape
based on a small Bond number, defined as Bo ¼ qgR2

s=r, where q
is the liquid density, g is the gravitational acceleration, Rs is the
radius of drop surface curvature, and r is the surface tension.
For this investigation, Bo was kept below 0.5 in order to obtain
the instantaneous volume of an evaporating drop with the follow-
ing relation:

V ¼ p
3

R3
s ð1� cos hÞ2ð2þ cos hÞ; ð1Þ

where h is the contact angle. The evaporation rate was obtained by
differentiating the drop volume with time after fitting the temporal
evolution of the volume to a third-order polynomial with a least
square method.

2.1. Evaporation on hydrophilic and hydrophobic surfaces

When a liquid drop is situated on a solid surface, the adjacent
air becomes saturated with the vapor due to the rapid interchange
of the molecules between the liquid and its vapor [19]. The vapor
in the thin saturated region diffuses outward into the surrounding
unsaturated air. The evaporation rate of the vapor is represented
by Fick’s law as follows:

Q ¼ �DA
dc
dr
; ð2Þ

where D is the vapor diffusivity in still air, A is the area through
which diffusion occurs, c is the vapor concentration, and r is the ra-
dial distance, as illustrated in Fig. 1. Note that we consider the vapor
concentration gradient only in the radial direction. Assuming a qua-
si-equilibrium process for slow evaporation in still air, we integrate
Eq. (2) from the drop surface to infinity in order to attain the drop
volume change with time [21]:

Q ¼ �q
dV
dt
¼ 4pDRsðcs � c1Þf ðhÞ; ð3Þ

where t is the time, cs is the saturated vapor concentration at drop
surface, c1 is the ambient vapor concentration determined by the
relative humidity, and f(h) represents the dependence of evaporation
rate on the contact angle. This investigation adopts the following
values from the literature [22,23]: D � 25 mm2/s, cs = 2.3 � 10�8

g/mm3, and c1 = 0.76 � 10�8 g/mm3 at the ambient temperature of
25 �C with the relative humidity of 33%. The function f(h) used to be
determined by the profile of the area through which liquid molecules
were assumed to diffuse [21]. It is interesting to note that, in diffusion
problems as described above, the volume change is linearly propor-
tional to the length scale (Rs) rather than the surface area [19].

In order to predict the temporal evolution of a drop volume
accurately, the functional form of f(h) and the temporal variations
of Rc and h should be known a priori. In Fig. 2, we show temporal
variations of measured Rc and h on different surfaces. For all cases
considered, Rc remained constant in the first stage while h de-
creased with time. For some surfaces, Rc decreased later, which
was interpreted as the receding of the contact line when h reached
the critical receding angle hR. It is also of great interest to note that
although the equilibrium contact angles (he) of two different sur-
faces are comparable, h may behave differently while Rc decreases,
depending on the surface material. More specifically, after Rc initi-
ated its decrease, h remained constant on the platinum surface
while it continued to decrease on the PTFE surface. There is, at
present, no satisfactory theory to explain all these different
behaviors.

Various models for f(h) have been proposed since f(h) is a neces-
sary prerequisite for accurately predicting the temporal change of
drop volume during evaporation. Rowan et al. [19] assumed that
vapor molecules escape from a curved surface only in the radial
direction so that the effective diffusion area A can be represented
by the solid arc of a radius r as illustrated in Fig. 1. The area then
becomes A = 2pr2 (1 � cosh). This model (Model A) neglects the
evaporation flux at the drop edge, which can be greater than that
from the surface away from the edge [24], thus requiring some
modification. Bourgès-Monnier and Shanahan [20] proposed
another model (Model B) in which the effective diffusion area en-

Table 1
Equilibrium contact angle with a water drop and root-mean-square roughness of various surfaces considered in the present experimental study.

Surface Bare Si
wafer

Thermal SiO2

wafer
Sand-blasted
glass

Slide
glass

Gold PTFE Platinum OTS-coated
glass

AKD-coated
glass

Micro-fabricated
structure

he (�) 36.7 43.2 55.9 57.2 84.7 92.4 94.8 100.1 143.5 147.9
Roughness

(nm)
– 0.47 – 6.38 – 2.2 – 4.77 31.69 16.91

Fig. 1. Schematic of a sessile drop shape, where Rc is the contact radius and the
solid arc of a radius r with its center at O represents the diffusion region modeled by
Rowan et al. [19] while the diffusion area modeled by Bourgès-Monnier and
Shanahan [20] is represented by a solid arc plus two dashed arcs.
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tirely encompassed the drop area, as represented by a solid arc plus
two dashed arcs in Fig. 1. Consequently, the effective diffusion area
and f(h) are respectively given by A = 2pr2(1 � Rs cosh/r) and
f(h) = �cosh/[2ln(1 � cosh)]. This model incorporates the diffusion
area, which was excluded by Model A, so that calculated evapora-
tion rate is greater than that of Model A. However, the increase of
the radial distance led to an increase of the subtending angle of the
spherical cap shape in Model B. This implies that the vapor mole-
cules are redistributed in the circumferential direction, which is
contradictory to the assumption of a pure radial concentration gra-
dient. In any event, Model B gives the maximum evaporation rate
possible as long as the drop surface remains a part of a spherical
surface.

A major difference between Models A and B centers around the
treatment of evaporation around the drop edge where the liquid
contacts the solid. Even though this edge effect may be small in
comparison to the bulk evaporation rate, ignoring (as observed in

Model A) or overestimating (as observed in Model B) such an effect
induces an accumulation of errors that lead to a rather severe dis-
crepancy between the theory and the experiment. Thus, it is re-
called that the steady-state diffusion equation, r2c = 0, for the
vapor concentration in the sharp wedge around the contact line
can be solved by using the method of images [25]. Then, the model
of Picknett and Bexon [18] (Model C) can be reconsidered, although
it was proposed much earlier than Models A and B. This Model C is
represented by f ðhÞ ¼ 1

2
C
Rs

� �
, where C is the capacitance of the equi-

convex lens formed by a sessile drop and its mirror image:
For 0 6 h < 10�,

C
Rs
¼ 0:6366hþ 0:09591h2 � 0:06144h3; ð4Þ

and for 10� 6 h < 180�,

C
Rs
¼ 0:00008957þ 0:6333hþ 0:116h2 � 0:08878h3 þ 0:01033h4:

ð5Þ

As plotted in Fig. 3, it is quite noticeable that Model C lies be-
tween Models A and B. In retrospect, one of the most important
assumptions on which all the foregoing models were derived is
that the substrate is an ideal (geometrically flat and smooth) sur-
face [18–20]. However, on a non-ideal surface, the contact angle
is not unique and takes on a range of values because the drop evap-
oration affects the contact angle and vice versa in Eq. (3).

Therefore, it is of great interest to experimentally investigate
how f(h) in Eq. (3) behaves on non-ideal surfaces. Thus, the values
of f(h) for respective surfaces were inversely calculated using Eq.
(3) from the measured drop volume and relative humidity. The
results are shown in Fig. 3 together with the foregoing theoretical
model predictions. Since the measurement data do not collapse to
a single line, it can be asserted that f(h) strongly depends on the
surface material. Furthermore, it is noted that f(h) on the thermal
SiO2 wafer surface, which is hydrophilic, lies above the upper
bound although the values of f(h) for most surfaces remain
between the upper bound indicated by Model B and the lower
bound by Model A.

Fig. 2. Temporal variations of (a) the contact radius Rc and (b) the contact angle h
on various surfaces: q, bare Si wafer; r, thermal SiO2 wafer; �, sand-blasted glass;
s, glass; 4, gold; e, PTFE; H, platinum; �, OTS-coated glass.

Fig. 3. f(h) versus h. The symbols represent the experimental data obtained on
corresponding surfaces, as indicated in Fig. 2.
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The present experimental study reveals that for the same con-
tact angle rendering the same drop shape, the evaporation behav-
ior arises differently depending on the surface material. This
implies that the geometric consideration alone, as adopted in the

foregoing models, cannot explain the differences of the evapora-
tion behavior on various surfaces. This leads us to reason that
not only the contact angle but also some additional factors must
be considered in modeling f(h), which may be due to the existence
of non-ideal surface wettability, for example, the precursor film or
the surface roughness. In fact, it is known that a long precursor film
near the edge of a drop which grows long on a smooth solid surface
promotes evaporation [26]. Presumably in this regard, Fig. 3 shows
that the evaporation rate (in other words, f(h)) on the thermal SiO2

wafer is larger than any of the other three theoretical models. This
is because the thermal SiO2 wafer possesses a roughness of a smal-
ler order of magnitude than the other materials, as shown in Table
1. This motivated us to write f(h) in Eq. (3) with a new functional
form accounting for the overall dependence of the evaporation rate
on the surface condition as well as the contact angle.

Although none of the currently available theories accurately
predicted f(h) for various surfaces, the present experiment strongly
indicates that all the surfaces respectively exhibit approximately
linear dependence of f(h) on h. That is,

f ðhÞ ¼ a � hþ b; ð6Þ

where a and b can be regarded as empirical material constants to be
determined in conjunction with the evaporation rate. By utilizing
the first-hand information which we can obtain from Fig. 3, we give
the best-fitting linear formulas of f(h) for each surface in Table 2. In
constant contact radius mode where the contact radius is fixed dur-
ing evaporation, initial evaporation rate Q1 is derived from the ini-
tial contact angle of the drop h1 using Eq. (3). At a later time, the
drop volume V2 is obtained by

V2 ¼ V1 � Q 1 � Dt; ð7Þ

where V1 is the initial drop volume and Dt is taken to be 2 s. Accord-
ingly, the contact angle at the next time step (h2) can be calculated
by using Eq. (1) under the constant contact radius condition. The
evaporation rate at the next time step (Q2) can then be calculated
from h2 using Eq. (3). Thus, we can predict the temporal evolution
of a drop volume by reiterating this procedure.

Table 2
Coefficients necessary for empirically determining the linear dependence of f(h) on h,
i.e., f ðhÞ ¼ a � hþ b, where h is in radian.

Surface a b

Bare Si wafer 0.372 24.1 � 10�3

Thermal SiO2 wafer 0.464 �5.3 � 10�3

Sand-blasted glass 0.286 38.2 � 10�3

Slide glass 0.338 6.4 � 10�3

Gold 0.286 38.8 � 10�3

PTFE 0.327 �21.3 � 10�3

Platinum 0.315 21.3 � 10�3

OTS-coated glass 0.418 �172.4 � 10�3

Fig. 4. Comparison between the theoretical predictions of the drop volume change
with time and the experimental results for (a) glass and (b) thermal SiO2 wafer. The
solid line is calculated using the present linear relationship of f ðhÞ ¼ a � hþ b.

Fig. 5. Comparison between the theoretical predictions of the toluene drop volume
change with time and the experimental results of Erbil et al. [21]. The solid line is
calculated using the relation of f(h) = 0.2365 which is deduced from their Table 1.
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Fig. 4 representatively compares the theoretical predictions of
the temporal evolution of drop volume with the experimental re-
sults for glass and thermal SiO2 wafer. While Fig. 4(a) shows that
the experimental results for the glass substrate are almost coinci-
dent with the present model and Model C, Fig. 4(b) for the thermal
SiO2 wafer clearly shows that the present model most accurately
predicts the volume change of the evaporating drop. Evaporation
rate is proportional to the radius of drop surface curvature Rs and
f(h), as shown in Eq. (3). It is noted that Rs on thermal SiO2 is much
larger than that on bare glass because thermal SiO2 has a smaller
contact angle with water (he ¼ 43:2�) than bare glass (he ¼ 57:2�).
Thus, between the two sessile water droplets of identical volume,
the evaporation rate of the droplet on thermal SiO2 is larger than
that on bare glass, although the initial values of f(h) for the two
cases are about the same.

To further verify whether the present model can be applied to a
constant contact angle mode (h ¼ constant) as well, we paid our
attention to Erbil et al. [21] who reported the evaporation of some
liquid drops on a flat Teflon substrate. Among the liquids, we chose
toluene with mean contact angle h = 43.8� and f(h) = 0.2365 which
can be deduced from their experimental values of Kf(h) =
5.790 � 10�5 (cm2/s) and K = 24.480 � 10�5 (cm2/s) (see their
Table 1). As a result, Fig. 5 shows that the present model naturally
agrees with their experimental result for the whole range consid-
ered, which supports the present argument that f(h) is a linear
function of h, and the coefficients a and b have to be determined
empirically.

2.2. Evaporation on superhydrophobic surfaces

To investigate the evaporation behavior of sessile drops on
superhydrophobic surfaces, we used AKD and microfabricated sur-
faces. Fig. 6 shows their SEM images. Fig. 7 shows the temporal
evolutions of h and Rc on the superhydrophobic surfaces, revealing
that unlike the drops on hydrophilic and hydrophobic surfaces, h
was initially maintained constant while Rc continuously decreased.

Fig. 7. Temporal evolutions of the contact radius and the contact angle on superhydrophobic surfaces of microfabricated structure and AKD-coated glass. Microphotographs
of the sessile water drops sitting on them are shown in the insets, indicating h = 147.9� and 143.5�, respectively.

Fig. 6. SEM images of the surfaces of (a) superhydrophobic AKD-coated glass and
(b) microfabricated structure, where the magnifications are 1000�, and 500�,
respectively.
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In the superhydrophobic state, also known as the Cassie state [27],
the drop contacted only the top of asperities so that a very high
h > 150� was maintained. As the drop decreased in size during
the evaporation, the Laplace pressure, which is inversely propor-
tional to the drop radius, increased, causing the water to penetrate
interstices of the rough surface. This eventually caused the drop/
solid contact mode to enter the Wenzel state [28], where the rough
surface imbibes the liquid.

We obtained f(h) for the evaporation on the superhydrophobic
surfaces in the same manner as explained for the hydrophilic and
hydrophobic surfaces, and the results are shown in Fig. 8. The most
sensible difference of the evaporation on superhydrophobic sur-
faces from that on hydrophilic surfaces is that the path of the vapor
diffusion is blocked by the solid surface when evaporation initiates
from the surface area below the drop’s equator. Therefore, instead
of a diverging vapor flux near the contact line, the drop on a super-

hydrophobic surface has a vanishing vapor flux at the edge. For this
reason, the data lie below all the predictions by Models A, B and C.
It is not likely to acquire a linear empirical relationship between
f(h) and h as in the cases of hydrophilic surfaces. Thus, we take
the average value of f(h) for each surface such that f(h) = 0.58 for
the AKD and 0.61 for the microfabricated surface. Finally, the tem-
poral evolution of drop volume can be estimated through a similar
procedure to that of the constant contact radius mode. Fig. 9 rep-
resentatively shows that, by using f(h) = 0.58 for the AKD surface
in the calculation of the drop volume evolution with time, a fairly
accurate prediction can be given. As a matter of fact, any function
of h should remain constant because the contact angle h remains
constant during the evaporation on superhydrophobic surfaces.

3. Conclusions

We experimentally studied the evaporation behavior of water
drops on various surfaces covering a wide range of wettabilities.
Although all the existing theoretical models predicted that the drop
geometry, such as the contact radius and contact angle, determines
the evaporation rate, the present experimental results strongly indi-
cate that the evaporation rate depends on surface condition as well.
Thus, we have proposed a new functional form f ðhÞ ¼ a � hþ b that
represents the linear dependence of the evaporation rate on the con-
tact angle h with two empirical material constants a and b, providing
a fairly accurate prediction of the drop volume change. Furthermore,
for the same contact angle, this model can account for the increased
evaporation rate on smoother surfaces, allowing for wide applicabil-
ity to various substrate surfaces. Most interestingly, for representing
the temporal evolution of the drop volume on a superhydrophobic
surface, which has not received much attention in the literature to
date, the simple relationship f ðhÞ ¼ constant works excellently.
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venience caused to the valued readers.
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