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The pioneering works by Lippmann [Ann. Chim. Phys. 5, 494 (1875)] and Frumkin [Actual. Sci. Ind. 373,
5 (1936)] reported on electrowetting phenomenon. It was shown that electric potential, applied to an interface
between a conducting liquid droplet and solid surface, strengthened the wetting effect. Here, we describe
pronounced decrease of wettability induced by a low-energy electron irradiation. We observe this effect in
many materials of different origins. The proposed theory of this phenomenon explains the found growth of the
hydrophobicity under an electron irradiation by decreasing solid/liquid and solid/vapor interfacial free energies,
when reduction of the latter is always higher. This theory considers the droplet shape dependence on the
incident electron charge density and energy of the incident electrons, as well as on the liquid and solid origins.
The results of calculations are in a good agreement with the experimental data obtained for water droplet on
amorphous silicon dioxide. The effect of the decrease of the wettability, induced by an electron irradiation at
low incident charge, is completely reversible after subjection of the electron-irradiated material to ultraviolet
illumination, which restores its initial wettability state.

DOLI: 10.1103/PhysRevB.76.035437

I. INTRODUCTION

Studies of electrocapillarity started in 1875 when
Lippmann' found a strong variation of an electrolyte droplet
shape under an electric potential applied to a solid/liquid
interface. In the 1930s, Frumkin? used the same idea for the
electrowetting phenomenon. He showed that electric charges
at a solid/liquid interface modify the contact angle of an
electrolyte drop placed on a solid surface. The charges and
dipoles were redistributed when an external electric potential
was applied between a conducting liquid drop and a metallic
electrode, separated by a thin dielectric layer. As a result, an
appreciable increase in the wetting was observed.>* The con-
tact angle 6 dependence on the applied electric potential may
be described within Young’s equation,’

Yip €OS 0= Yso = Vsi> (1)

as a result of the reduction of solid/liquid interfacial free
energy 7y, under applied potential. Here, the symbol vy refers
to the surface interfacial free energies between the phases
(solid, liquid, and vapor), indicated by the subscripts. It
should be noted that the interfacial free energies related to
the solid/vapor 7y, and the liquid/vapor 7, remain constant
and independent from the applied potential.%” The contact
angle in Eq. (1) represents the state of the solid/liquid/vapor
system that has the minimal Gibbs energy.®

We found the opposite phenomenon: a decrease in the
wetting of solids due to a low-energy electron irradiation.”!0
We observed this effect in more than 20 solid materials of
different origins, such as n- and p-Si, SiO,, S;N,, mica,
Al,O3, glass, Al and Ti metals, which are always coated with
oxide films, and biomimetic materials (sea shells,
hydroxyapatite,'' and related calcium phosphates).

Diverse surface modification methods have been used to
decrease the wettability of the solid materials.®!'>"'7 How-
ever, these methods are based on modifying the surface by
electrochemical ~ processes®'>  or  radiation-induced
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damages.!*!> In our experiments, we took steps to eliminate
the contribution of these effects.

In the present work, the experimental results and devel-
oped theoretical models of the found decrease of the wetting
properties are presented using amorphous SiO, as a repre-
sentative material.

II. EXPERIMENT
A. Materials

In this work, the investigations were carried out on
600 nm thick thermal oxide film grown on the top of a
p-type Si substrate with resistivity in the range of
11-17 Q cm. The oxide thickness was controlled by a spec-
troscopic ellipsometer (M-2000, J.A. Woollam Co., Inc.).
The samples were thoroughly cleaned by a standard Radio
Corporation of America (RCA) cleaning method using
NH4OH/H202/H20 and HCl/HzOz/HzO S()luti()ns.l8

B. Methods

The electron irradiation of the studied SiO, samples was
performed by a commercially available electron gun (EFG-7,
Kimball Physics Inc., USA) in vacuum 1077 Torr at room
temperature, using incident electron energy in the range of
E,=10-500 eV. The incident electron charge Q was varied
up to 150 uC/cm?.

The result of charging was controlled by measuring the
induced surface potential ¢, using Kelvin probe force mi-
croscopy (KPFM). KPFM is based on modified atomic force
microscopy (Multimode DI, USA) operated at room tem-
perature in ambient air. The local topographic and electric
potential distributions were measured by Pt/Ir-coated Si tips
with diameters of ~30 nm.

The basic measurements of the wettability were per-
formed by controlling the static contact angles of sessile
drops of deionized water (pH=5.5 and resistivity was more
than 17 M) cm), placed on a sample surface. Additional
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TABLE I. List of used liquids and their surface tensions (Refs.
19 and 20).

purity Surface tension
Supplier (%) (mJ/m?)
n-hexane Merck 99 18.6
Cyclooctane Alfa Aesar 99+ 29.9
1-bromonaphtalene  Alfa Aesar 97 43.9
Ethylene glycol Aldrich 99 48.0
Formamide Alfa Aesar 99.5 57.5
Water Deionized 72.8

studies were also implemented using some probe liquids
such as n-hexane, cyclooctane, 1-bromonaphthalene, ethyl-
ene glycol, and formamide. Their surface tension varies in a
very wide range of 18.6—72.8 mJ/m? (Table I). The effect of
surface heterogeneity of the studied SiO, samples was exam-
ined by measuring contact angle hysteresis using the tilting
plate technique. The optical wettability inspection was per-
formed by an inspection microscope (Olympus MX-50,
Opelco, USA). The volume of the liquid was kept constant
(2 ul) all over the contact angle measurements of different
specimens. The wettability investigations were carried out
with an accuracy of +1° at a temperature of 26+1 °C and a
relative humidity (RH) of (45+5)%.

The wettability modulation was also performed by ultra-
violet (UV) illumination using nonfiltered UV light
(185-2000 nm). The UV spot light source is equipped with
200 W Hg-Xe lamp (Hamamatsu). The illumination duration
was 5 min.

X-ray photoelectron spectroscopy (XPS) was applied to
control chemical surface modification of the studied samples
after a low-energy electron irradiation. The measurements
were performed in ultrahigh vacuum (3 X 107'° Torr pres-
sure) using 5600 multitechnique system (PHI, USA).

III. RESULTS

Figure 1 shows the variation of the water droplet shape as
a result of an electron irradiation of the amorphous SiO,
substrate. The water repellency of the SiO, grows continu-
ously with increasing incident electron charge from the ini-
tial hydrophilic (water contact angle of 6,=18°) to pro-
nounced hydrophobic state (#=89°). The contact angle
hysteresis does not exceed 15° for the hydrophobic state.

Figure 2 presents the graph of the cosine of the water
contact angle 6 as a function of the absolute value of the
incident electron charge Q (incident electron energy is E,
=100 eV). Three strongly different regions can be distin-
guished at the presented graph. In the first region, which is
observed for a low incident charge (Q <0.15 uC/cm?), the
contact angle increases up to #~33°. At this stage, charge-
induced hydrophobicity variation, cos 6, is proportional to
the charge as Q. The second, saturation region (0.15<Q
<1 puC/cm?), is characterized by a very weak variation of
the contact angle 6. Furthermore, in the third region (Q
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FIG. 1. (Color online) Variation of the water contact angle 6 on
the SiO, surface, induced by a low-energy electron irradiation: (a)
initial condition and [(b) and (c)] after the electron irradiation at
incident charge density Q=1.5 and 150 uC/cm?, respectively. The
electron irradiation energy is E,=100 eV.

>1 uC/ cmz), the contact angle 6 continues to increase
monotonically and reaches 6~ 89°. Identical three regions
were also observed on the curve of the surface potential dif-
ference ¢, versus the incident electron charge Q, measured
by KPFM (Fig. 2). Monotonous increase of the surface po-
tential is found in the first region (Q <1.5 wC/cm?), which
passes to the second one, intermediate region, where the
variation of the ¢, value is weak. The third region is charac-
terized by a new stage of continuous fast growth of the sur-
face potential ¢,, reaching its maximum value at Q
~50 wC/cm?. Figure 3 displays a close-up view of the co-
sine of the water contact angle 6 and surface potential ¢,
versus the incident charge Q<<0.25 uC/cm? (first region).
The dotted lines refer to the calculated results, based on the
proposed model.

Figure 4 shows Zisman plots,?' constructed for untreated
and irradiated SiO, surfaces, respectively. The irradiation
was performed by applying electron flux with the energy
E,=100 eV and variable incident electron charge 0=0.10
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FIG. 2. Dependence of the cosine of the water contact angle
(squares) and the surface potential ¢, (circles) at the SiO, surface
on the incident electron charge density Q. The electron irradiation
energy is E,=100 eV.
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FIG. 3. Close-up of the first region. Dependence of the cosine of
the water contact angle 6 (squares) at the SiO, surface and its
surface potential ¢ (circles) on the incident electron charge density
Q. Dotted lines show the theoretical approximation dependences.
The electron irradiation energy is £,=100 eV.

and 0.15 uwC/cm? (first region). The data, collected on the
Si0, surfaces, exhibit the linear relationships between cos 6
and liquid surface tensions v;, which are listed in Table I.

Figure 5 shows a dependence of the cosine of the water
contact angle 6 and surface potential ¢, on the energy of the
incident electrons E, ranging from 0 to 500 eV, while the
incident charge Q is invariable for all varieties of energies
(0=0.05 uC/cm?, which is related to the first region). Mea-
sured experimental parameters, cos 6 and ¢, versus E,,, dem-
onstrate two different stages. In the range of small energies
E, <40 eV, they decrease and then restore their initial values
at E,~40 eV. The second stage is characterized by a mono-
tonic behavior when both cos 6 and ¢, gradually increase,
reaching saturation at £,~400 eV.

IV. DISCUSSION
A. Chemical contaminations and surface defects

The electron-irradiated SiO, samples show a strong varia-
tion of the wettability, induced by electron charging (Figs. 1
and 2). The experimental results of measurements of the
static contact angle 6 and the electric potential ¢, demon-
strate three pronounced different stages (Fig. 2), which allow
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FIG. 4. Relation between the contact angle 6 on nonirradiated
(circles) and electron-irradiated (squares) SiO, surface and the sur-
face tension of various liquids v, (Table I). Open and closed squares
refer to irradiation with the incident charge density of 0=0.10 and
0.15 uC/cm?, respectively.
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FIG. 5. Dependence of the cosine of the water contact angle 6
(squares) and surface potential ¢ (circles) on the electron irradia-
tion energy in an interval of E£,=10-500 eV. Dotted lines show the
calculated approximation dependence. The incident charge density
is 0=0.05 uC/cm?.

assuming that different physical mechanisms are responsible
for the observed behavior of cos 6 and ¢ as a function of the
incident electron charge Q.

An electron irradiation of a solid surface may lead to vari-
ous surface modifications such as chemical modification, de-
fect generation, and electrical charging. Chemical contami-
nations of the electron-treated samples in each region were
inspected by the XPS measurements of the irradiated SiO,
samples. The results showed negligible changes in chemical
identity in the first and second regions (Fig. 2), whereas in
the third region (Fig. 2) significant new chemical contamina-
tions were found. The XPS measurements clearly demon-
strated the formation of alkyl groups (CH) on the SiO, sur-
face in the third region. The alkyl groups are known to be
strongly hydrophobic.?> These organic compounds may be
used as surface passivation layers for Si-based materials.??
Thus, the observed growth of the water contact angle 6 in the
third region (Fig. 2), in addition to the reduction of the sur-
face potential ¢, (Fig. 2), may be ascribed to these surface
chemical identity changes. It should be noted that definite
concentrations of carbon were found in all studied samples
before the electron treatment.

The observed effect of the decrease of the wettability may
be referred to surface structural changes, induced by elec-
tronic irradiation. Generation of new surface defects is a pos-
sible mechanism for such structural modification. As is
known,?*-%¢ surface defects may play a role of the active
chemical centers and influence the wettability. However,
generation of the defects at the SiO, surface starts from the
threshold electron energy E;,=500 eV.?’ Therefore, in order
to exclude the contribution of the radiation-induced defects,
all the experiments in this paper were carried out below this
threshold, at £, <Ey,.

The experimental data (Figs. 2 and 3) and the surface
chemical identity studies show distinctly that the wettability
variations observed in the first and the third regions governed
by quite different physical mechanisms, whereas the second
region may be referred to the intermediate regime where the
governed mechanisms for the first and third region are
changed. A monotonic increase in the contact angle # ob-
served in the first region is accompanied by a pronounced
variation of the surface electric potential ¢, (Fig. 2). The
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linear growth of the ¢, value in this region allows assuming
that the found decrease of the wettability in the first region is
directly related to electrical charging. It should be reminded
that no variation in surface chemical composition was found
in the first region.

Moreover, it is also impossible to refer a growth of water
repellency to charging of already existing surface defects.
Such defects may induce strong electrostatic interactions
with dipole water molecules and play a role of hydrophilic
adsorption sites on the silica surface.?®?° Therefore, capture
of carriers on surface traps should lead to an increase of the
wettability, while the opposite effect is observed (Figs. 1 and
2). In addition, at the low values of Q, the concentration of
surface-active centers and the interphase energy proportional
to them should be changed linearly with Q. Hence, in accor-
dance with Eq. (1), the cosine of the contact angle 6 should
also be changed linearly with Q. However, the observable
square-law dependence of the effect of the decrease of the
wettability on the charge density Q specifies the absence of
some appreciable contribution of radiation-induced active
centers (Figs. 2 and 3). The number of new charged surface
centers, appearing under an electron irradiation, is small and
their contribution to the process is negligible. Evidence of
validity of this assumption is the fact that the existing theory
of dielectric charging by an electron irradiation that dose not
consider a possibility of carrier capturing on a surface is in
good agreement with experimental data.3'-33

B. Origin of the wettability decreasing effect in the first region

Our approach is based on the electrowetting effect that
occurs under electric field generated by electric charge cap-
tured near the surface. It should be marked that the main
difference from the conventional electrowetting effect* is
that the electron irradiation of the material surface leads not
only to variation of the solid/liquid interface but also to
variation of the solid/vapor interface. In accordance with Eq.
(1), one may assume that the observed charge-induced effect
of the decrease of the wettability in the first region (Fig. 3)
may be explained by supposing that the reduction of 7,
exceeds the reduction of 7y, (Ay,,>Avy,) under an electron
irradiation. It will be shown below that this condition is re-
ally met for any liquid, in which molecules do not exhibit
strong chemical interactions with charged centers, appearing
on the electron-irradiated surface.

In addition, critical surface tensions of untreated and
electron-irradiated samples were compared (Fig. 4) using the
method of the so-called ‘“Zisman plot,” developed in Ref. 21.
The authors of Ref. 21 introduced the concept of critical
surface tension vy, as an empirical method of determining the
“wettability” of solid surfaces by plotting the cosine of the
contact angle € versus the surface tensions 7; of various lig-
uids with known surface tension values (Table I). The critical
surface tension of a solid surface 7, is defined as the x inter-
cept of the cos 6(y,) curve at cos 6=1. Physically, 7y, sepa-
rates the liquids that form zero contact angles on the solid
surface (i.e., spread spontaneously) from those that form
higher contact angles and do not spread. The critical surface
tension seems to be a basic property of the solid alone. Fig-
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ure 4 illustrates the Zisman plot; the dependence of the con-
tact angle on the surface liquid tensions, cos 6(y,). The mea-
surements were performed using the various liquids (Table I)
on nonirradiated (circles) and electron-irradiated (squares)
SiO, surfaces. The irradiation was performed by electrons
with £,=100 eV and variable incident electron charge from
0=0.10 to 0.15 uC/ cm?, which is related to the first region
(Fig. 3). The obtained data (Fig. 4) distinctly show that the
low-energy electron irradiation leads to a significant decrease
of the critical surface tension 7y, of the SiO, surface. It
should be noted that the observed values of the critical sur-
face tension for the untreated SiO, are in good agreement
with the known data for the native thermal oxide (1,
=27-42 mJ/m?).3°

1. Electron-irradiation-induced solid/vapor and solid/liquid
interfacial free energy variation

The process of dielectric charging induced by an electron
irradiation includes several stages.’'=33 If E,, is the mean
energy required for creation of electron-hole pairs, then ev-
ery incident electron excites about ~E,/E,, electron-hole
pairs. Heavy and weak mobile holes are almost instantly
trapped by the numerous traps in amorphous dielectrics. The
electron mobility in amorphous materials is by several orders
of magnitude higher than that of the holes.3*3” Therefore, the
excited secondary electrons should penetrate deeper than
holes into the dielectric bulk. As a result, the generated and
trapped electron and hole charges have a double-layer struc-
ture. The positive charge is formed by the localized holes in
the vicinity of the surface, whereas the negative charge is
created by the trapped electrons at the bulk levels far from
the surface. A lifetime of localized carriers of charge strongly
depends on the energy spectrum of traps in the energy gap of
the SiO,. It has been shown that the amorphous SiO, pos-
sesses very deep electron and hole traps with energy depth,
reaching 2.2—2.5 eV.3¥3° Thermal ionization of such traps is
practically impossible at room temperature, since the esti-
mated ionization time exceeds 10?? s that follows from the
expressions given in Ref. 40. Certainly, there are other pos-
sible mechanisms for the deep trap ionization, which are not
related to thermionic ionization of the carriers to the bulk
band states, for instance, the tunneling recombination of
electrons and holes, the recombination of localized carriers
with mobile charged defects of an opposite sign, etc. How-
ever, such processes are also very inefficient, and therefore
trapped carriers have a long lifetime. Experimental studies
showed that the deep traps are stable in the SiO, at least
3 years at room temperature.*'*> Time duration in our ex-
periments, including exposure time of the electron irradiation
and time for the contact angles measurements, did not ex-
ceed a couple of hours. Therefore, the charge value and dis-
tribution stay invariable during the experiment, and the stud-
ied system is under quasiequilibrium state.

The charge distribution p=p,+ p, refers to the distribution
of the bulk density of the electron p, and hole p, charges.
The potential ¢=¢y+¢" inside a dielectric consists of the
potential ¢, of the real charge p in an infinite sample and the
potential ¢* of an image charge. Hence, the surface free en-
ergy density variation as a result of the dielectric charging
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may also be expressed as a sum of two terms:
Ay=Avyy+ Ay,

where

1
A70=EJP(X)¢0(X)dx

and

= f p(x) ¢ (x)dx. 2)

Here, Avy, is the self-energy of the charge p in an infinite
sample and Ay" is the energy of the interaction between real
charge p and its image. It is known that the presence of a net
electric charge at the solid/liquid interface reduces the inter-
facial free energy 7y,,>" in the case of positive self-energy of
the charges, i.e., when the main contribution is defined by
repulsion between like charges. Moreover, the solid/vapor
interface free energy v,, is also reduced as a result of a
low-energy electron irradiation that is consistent with the
Zisman plot measurements carried out on untreated and
charged SiO, surface (Fig. 4). All these statements are in
accordance with the work of Gibbs® and its detailed analysis
by Rice.®3

The presence of a net electric charge at the interface re-
duces interfacial free energies vy by the order of the charge
energy density Ay at this interface. Both the solid/vapor and
the solid/liquid interface free energies decrease up to

Ysvo = 7?11_ A’)/O— A’Yjv’

A'}’j:[, (3)

as a result of the electron irradiation followed by charging.
Here, y?v and 781 are the initial values of the interfacial free
energies before charging. Equation (3) will be generalized
below to include liquid electrostatic energy contribution to
solid/electrolyte interfacial free energy under an electron ir-
radiation.

The positive energy Ay, does not depend on the environ-
mental conditions at the interfaces (charged dielectric/liquid
and dielectric/vapor) and leads to uniform variation of the
surface tension of irradiated dielectric. In such a way, Ay, is
not capable of influencing material wettability due to its con-
stant value for both the solid/vapor and the solid/liquid inter-
faces. The contribution of the value of this energy to Young’s
equation [Eq. (1)] is canceled and does not influence the
wettability. Due to the same reason, the sign of the Ay, is not
able to influence the wettability variation under irradiation.
The effect of the decrease of the wettability under an electron
irradiation is caused only by the electrostatic energy term
Ay*, related to the interactions of an excess charge with its
images, which strongly depends on the environmental condi-
tions.

For determination of the value of the energy Ay", the
irradiation-induced charge distributions, p, and p,, are ap-
proximated by simple exponential functions:

Ysi = ’}’21_ Ayy—

pe(x) = poe~
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FIG. 6. Sketch illustrating the geometry of the various layers
including their dielectric constants and the position of the excess
charge o and its image ¢". In thin films (h<Lf) the image charge
o is formed in the liquid (0'1) and vapor (a') environment and
substrate (a'sub)

pi(x) = ppe™Fn, 4)
where
0 _ _ Eeh
pe - Re ’
(1-9nE,Q
0_ Y W=px
Pn= ER, . (5)

Here n and 6 are the backscattering and the secondary elec-
tron emission coefficients, respectively, and R, and R, are the
electron and the hole average penetration depths into the
sample. Thus, the surface charge density o, under an electron
irradiation, is expressed by

o=pR,+p)R,=(x-1)0. (6)

Here, x is the total emission coefficient:

X=1m+0. (7)

The nature of the interactions of the excess charge o with the
image charges o is dependent on the relation between the
screening length Ly in the dielectric film and 1ts thickness 4.
In thin films (h <L/, Fig. 6) the image charge o is formed in
liquid (Uz) and vapor (cr ) environment and substrate (o-sub)
while in thick films (h>Lf, Fig. 7) the substrate contribution
is screened by mobile carriers (o, =0). We will determine
the expression of the interaction energy Ay" in both cases.

g, vapor e L
g liquid
I, o
L
hl"e thick film 0z
Eab substrate

FIG. 7. Sketch illustrating the geometry of the various layers
including their dielectric constants and the position of the excess
charge o and its image ¢ In thick films (h >L,), the image charge
o" is formed only in the liquid (0'1) and vapor ((r ) environment.
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2. Wetting of thin films

Let us consider the energy of the image in thin dielectric
film, which is located between the substrate and the environ-
ment (Fig. 6). Following the fact that the strength of the
electric field produced by a charged plate does not depend on
a distance from the charge o, the value of the image charges
o is not dependent on the distribution of real charge inside
the film, but is determined only by the value of the excess
charge o [Eq. (6)]. We consider the plate charge o placed at
a distance z; from the interface film/environment (Fig. 6). It
will be shown below that the obtained results are not depen-
dent on the value z,.

For the calculation of the field E, of the charge o, the
known expression for the normal components of the field of
the point charge ¢ is used (see, for example, Ref. 44):

2 “ k] (k )e_kz
: (f - p—Zkh dk
&, t+ & 0 1- ,Be
Esub — &y “ k]o(kp)ek[z—Z(h—zO)]
1 — e 2k

E(p.2) =

dk), (8)

Eabt &sJo

where p and z are the cylindrical coordinates, and &, gy,
and g, are the dielectric constants of the dielectric film, sub-
strate, and environment, respectively. Here, Jy(x) is the
zeroth-order Bessel function of the first kind and B is the
constant that is defined as

_ (8m - 8s)(ssub - gs)
- (8m + 8s)(ssub + 83) .

The denominator of the underintegral functions in Eq. (8)
may be specified as a row of Be~?*" functions:

2 7 —2nkh

1- —2kh

The obtained row can be integrated term by term by taking
into account® that for x>0,

: —kx X
. kJo(kp)e ™ dk = m

Now, ¢ may be replaced by dg=2mopdp and the expressions
obtained in Eq. (8) may be integrated along the charged
plane. The integrals, which do not depend on x, may be
written as

xpdp
o ( pz + 2"
In our case, x=z, 2h—z, and 2(h—zy)—z, hence, no depen-
dence on z, zj, and & is found in the final expression of the
field strength. The full field £, in the dielectric is

Ef: 47T0'( Egub — )2,8

Ept & Esub t &5/ y=0

Since
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%f”‘—ﬂ

the final expression for E; may be formulated as

4o egqy

f— .
& &uptép

and the field E; of the real charge o in infinite media with
dielectric permittivity & is equal to

27o

s
N

Thus, the expression of the field E*, created by the image
charges o, in the film may be written by subtracting E, from
E .

5*

" 2TT Eg, — €
E'=E-E=———"%—"" )
s Eupt &y

The potential ¢" of the field E” inside the film is given by

* 27TO-<85ub_8m

¢ = )(Ld—x), (10)

Es Esubt &y

where L, is the distance from a surface for which the poten-
tial becomes zero (Fig. 6). If the dielectric film is located on
a metal substrate, /; is equal to the thickness £ of the film. In
our case, the dielectric film is deposited on the Si-
semiconductor substrate, providing partial penetration of the
electric field. The total length L, of the penetration of the
electric field into the Si substrate is

iLsubv (1 1)

sub

Ld=h+

where I, is the screening length inside the Si substrate (Fig.
6). For p-type Si with resistivity of 11-17 ) cm and the
dielectric constant of ey ,=11.7, the Debye screening
length* is Ly~ 120 nm at room temperature. In our case,
by substituting ~=600 nm and &,=3.8 (Ref. 34) into Eq.
(11), the full length is L;=640 nm.

Thus, the expression of the energy Ay" may be obtained
by combining Egs. (2), (4), and (10):

* 2 — <y
Ay ZE<M>FM 12)

&€ Equb T €

s

where

Fo=LJp°R,(1 = e7td/Re) 4 p)R, (1 = e7Fd/Fn)]

-1+ B
L

- pgRi[l - (1 + l)e_Ld/Rh] .
R,

It may be assumed for low-energy electrons that L;,>R,
> R,,. Therefore, Eq. (12) may be simplified to
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* 2770-2Ld< Esub ~ 8m>

Ay = (13)

Es Esub +é&,

Equation (13) describes the variation of the surface free en-
ergy as a result of charging and shows that Ay" can acquire
positive or negative value, depending on the ratio of the di-
electric constants &g, and g,. The value of the energy is
positive when the permittivity of a dielectric environment,
outside a solid material, is less than that of the substrate
(e,,<e&gp). Such situation occurs, for example, on the solid/
air interface because the permeability of air g,~1 is less
than the dielectric permeability of Si ey, =11.7. There is an
opposite situation on the solid/water interface, when the per-
meability of water g,=80.4>¢,=11.7. Moreover, the di-
electric constant of every liquid &; exceeds the dielectric con-
stant of the air vapor £,~ 1. As a result, AyY always exceeds
A*yd [Eq. (13)]. From Eqs (1) and (3), it is seen that such
behavior of the energies Ay and Ay, o should lead to an
increase in the contact angle 6 for any liquids.

It should be mentioned that the influence of dielectric
properties of an environment on the electrostatic component
of the surface tension was known earlier. For example, in
accordance with the theory of Onsager and Samaras,*’ the
contribution of ions in the electrolyte on surface tension is
defined by their interactions with the image charges. Thus,
the term of the electrostatic contribution to the electrolyte
surface tension should change the sign at transition from the
environment with a lower dielectric constant to the environ-
ment with a higher dielectric constant in comparison to that
of the electrolyte.

3. Liquid electrostatic energy contribution to solid/electrolyte
interfacial free energy

The free energy variation A+, on the solid/liquid inter-
phase induced by an electric charging includes not only the
self-energy of the charged dielectric but also the energy of
the liquid. The Gouy-Chapman model of an electrolyte in the
absence of specific adsorption, in which ions of one sign are
kept by a surface more strongly than ions of another sign,
has been widely used. Close to the interface, a diffuse double
layer is created (Figs. 6 and 7). One of the double-layer
plates is the excess charge o, induced by an electron beam
irradiation on a dielectric surface. Another plate is created by
ions of the opposite sign, attracted from the electrolyte by the
field of charge o. The increase in the concentration of ions in
the electrolyte near the interface leads to the growth of the
lateral Coulomb repulsion forces, resulting in additional wet-
ting of the surface, i.e., to an increase in the wettability.

Let us define the diffuse-double-layer energy contribution
to the solid/electrolyte interface free energy. In the absence
of specific adsorption, the diffusion layer is located at the
interface between the liquid and the dielectric surface (Figs.
6 and 7). The total field on the interface Ej, includes the field
E(0) of the excess charge o,

E.(0) = 4770 Esub ’

Em Esubt Ep

and field equal to E,(0), created in diffusion layer of an
electrolyte by the ions of an opposite sign. Thus, the total
field E;, on interface may be formulated as
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8mo ey
= ———
" En Eubt Ep
In the Debye-Hiickel approximation, the strength of total
field inside the electrolyte is decreasing exponentially with
the distance x from the interface:

E(x) = Eppe™",
where L; is the Debye length in the droplet (Figs. 6 and 7)

that is given by
8lkT
Li=\7"7"7"5> 14
! 8mnge’v?’ (14

Here, ng is the density of the positive or negative ions far
from the interface, k is the Boltzmann constant, 7T is the
temperature, e is the electron charge, v is their valences, and
g, is the electrolyte dielectric constant. Now, the screening
charge distribution in an electrolyte may be expressed as

81 dE(x) gE;

— int —x/L; 15
Pl = dx 47-rL,e ’ (15)

and the potential is
o(x)=- f E(x)dx = Ey, Lie™1. (16)

Equation (16) satisfies the boundary condition ¢()=0.
Equations (15) and (16) allow us to define the expression

of the electrostatic contribution to the solid/liquid interface

free energy of the diffuse double layer of an electrolyte (G,):

7TO-2LI ( Esub

Eabt &

o 2
G5=J p(O)e(x)dx=-—"— ) (17)
0

€

It is clearly seen that this contribution has a negative sign
(G,<0). Taking into consideration the Coulomb interactions
of charges (the energy Avy,), the interaction of an excess
charge o with its image outside the solid (energy Ay"), and
the electrostatic electrolyte energy G, and by combining
Eqgs. (3), (13), and (17), the solid/vapor interface free energy,
induced by the charging effect, is equal to Eq. (3),

27702Ld< Eab— &y )

€

Yoo = Vo= Ay = Ay =90 — Ayy -

s Eaub T &
(18)
whereas the solid/liquid interface 7, is given by

w 2770'2Ld Equb — €
A731+Gs=7?z—Mo——(—S“

& Eapt &
87TO'2L1< Equb )2

g

0
Y= Ya— Ay —

(19)

Eub T &

Taking into account expressions (18) and (19), Young’s equa-

tion may be modified as
Yi(cos 6y —cos ) = Ay;kv - A'yj, + G,. (20)

In the absence of the irradiation (Ay, =Ay,=G,=0), Eq.
(20) transforms to the well-known Young’s equation for un-

035437-7



ARONOYV, MOLOTSKII, AND ROSENMAN

charged surface [Eq. (1)]. As a result of the irradiation, the
energies Ay:v, A)/:l, and G, are not equal to zero, and so Eq.
(20) may be expressed as
27702Ld< Esub— & Esub— 81)
Eubt &)
8 7TO'2L1 ( Egub )2

83‘
€

Yi(cos 6y —cos ) =
Eab T &

21)
Eab T €

It is clear from Eq. (21) that there are two opposite tenden-
cies in the variation of the wettability, induced by an electron
irradiation. One of them, which is described by the first term
in Eq. (21), relates to the decrease of the wettability, while
the other one, which is described by the second term, relates
to the increase of the wettability.

If the charge o is distributed in the vicinity of the dielec-
tric surface, on which the water droplet is placed, the contri-
bution of the last term in Eq. (21) is negligible in comparison
to that of the first term. The conditions of our experiments,
under an electron irradiation, are &£,=3.8,%* g,=1, &y
=11.7, and L;=640 nm [Eq. (11)]. The deionized water (g,
=80.4) with ion concentration 1y~ 5X 10'* cm™ was used,
resulting in L;~ 300 nm [Eq. (14)]. Thus, the relation of the
second to the first term is about 10~3. Therefore, in our case,
the contribution of the G, energy to the interface free energy
may be neglected. In such a way, Eq. (21) may be expressed
as

2770—2L Eqpp— € Eorn— &
Yiy(cos 6y —cos ) = d( sub ™ ©v _ ©sub 1) ’

Es Eubt &y Eupt &

(22)

which describes the effect of the decrease of the wettability
or, in the other words, the increase of the water contact angle
0 due to irradiation (Fig. 3). It is clearly seen from Eq. (22)
that the effect of the decrease of the wettability is due to a
difference in energies of the interactions between the excess
charge o and its images on the solid/vapor (0:) and solid/
liquid (07) interfaces. If permeability of the environment g,
will coincide with g,, the effect of the decrease of the wetta-
bility will disappear.

4. Wetting of thick films

In the case of thick films, the expression for the field of
the image charge o [Eq. (9)] should be modified. It was
shown above that this field determines the decrease of the
wettability under irradiation. For thick films, there is no con-
tribution of the image charge o, located on a dielectric
film/substrate interface, and it is in contrast to thin film case
(Figs. 6 and 7). Thus, the irradiated sample can be consid-
ered as semi-infinite.

The intensity of the electric field E, in the infinite me-
dium, outside the charge o, located in the vicinity of the
dielectric surface (Fig. 7) and creates this field, is equal to

2o

Es

0=

On the other hand, if the charge o is located in the vicinity of
the interface with the dielectric permeability ¢,,, then the
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created image charge o, =0 (Fig. 7) is given by

* Es— &
g =0 .
estey,

The image charge o produces the uniform electric field E*
in the charged dielectric,

. 27T0'<8s—8m>
E = -,

g, \gteg,

s

and potential,

« 2moL,[ e,— €,
R T
g, \gteg,

which decays exponentially with L, (Fig. 7). The expression
for the energy Ay" of the interactions between the excess
charge o and its image o can be obtained by combining
Egs. (2), (4), and (23):

- 2770'L?(8S—8m>( pgRe
e+e,/ \Ly+R,

0
PrRy

A kS
4 Li+ Ry,

) (24

€s

By assuming L;>R,, R, and using Eq. (6), Eq. (24) may be
simplified to

. 2md’L(&,—¢,
Ay =T (—8‘ 2 ) (25)
Eg gt €y

In this case, the total field £’ on the solid/electrolyte inter-
face is equal to

£ 8mo

int =

e+
The field inside the electrolyte is given by
E(x) = El e,
The screening charge distribution in an electrolyte may be

written as

sl
ey _ IL;
=———e "M, 26
plx) 477L,e (26)

Thus, the potential of this charge becomes
o(x) = Ef[lltLle_X/ L, (27)

The electrolyte electrostatic energy G, contribution to the
solid/liquid interface free energy may be expressed, using
Egs. (26) and (27), as

© 2
G,= J p(x)go(x)dx:—Swazlel( ) (28)

0 85+81

The solid/vapor interface free energy 7., induced by the
charging effect, is obtained by introducing Eq. (25) into Eq.
(3):
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« 270 L[ g, &,
Ysv = ygu_ A’YO_ A’yxv: ygu_ A‘YO_ —f<5_)

& g+ g,
(29)

The solid/liquid interface free energy 7, can be written, by
introducing Egs. (25) and (28) into Eq. (3), as

27702Lf< &— sl)
Es & teg

2
! ) . (30)

Ss+81

Ysi= Ygl_A)’o— A?’:ﬁ G,= 7’.?1_ Ayy -

- 877810'2L1<

As a result of the irradiation, and taking into account Egs.
(29) and (30), Young’s equation may be modified as

27T0'2Lf< 8 =& &~ 81>

vi(cos 6y —cos 0) =

& e, t+e, &,+¢g
1 2
—87T8,02L,< ) ) (31)
Eg + €

The energy E* of the interactions between the excess charge
o and its image ¢ changes the sign over a transition of a
charge through an interface. The energy E* is a continuous
function of the position of the charge. Hence, for the charge
located in a layer of atomic thickness, i.e., directly on the
interface, the energy E” is equal to zero.*® In the absence of
image energy, the first term in Eq. (31) is canceled and only
the second term influences the wettability. In this case, Eq.
(31) is transformed to

2
Yi(cos 6y —cos 0) =— 8778,0'2L,( ) . (32)

et g

Equation (32) describes the increase of the wettability under
surface charging. This result is in accordance with the results
of the recent work of Chou,* which reports on the increase
of the wettability due to the surface charge on the interface.
It is clearly seen that the increase of the wettability occurs
only when the excess charge o is placed directly on the
interface. In our experiments, the main influence to the wet-
tability variation gives the charge, generated beyond the in-
terface (Fig. 7). For this charge, as was shown above, the
contribution of the G, energy to the interface free energy
may be neglected, and that results in a decrease of the wet-
tability of the charged dielectric. In the general case [Eq.
(31)], both tendencies, the decrease and the increase of the
wettability, are revealed. The concluding result is dependent
only on the type of excess charge distribution.

It should be mentioned that in the case of the conventional
electrowetting effect, an external voltage is applied to liquid
droplet, resulting in charge accumulation only at the solid/
liquid interface.>* In this case, the main contribution to the
wettability variation is defined by the dielectric layer energy
but not by the liquid double layer. However, in our case, due
to the uniform charging of the interface by irradiation, the
situation is the opposite, and liquid properties play a major
role in wettability variation.
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5. Electron irradiation induced surface potential variation

Figure 2 shows the results of the measurements of the
surface potential ¢, variation using a high-resolution KPFM.
It should be noted that very low fluctuations (<0.1 V) of the
surface potential were observed over the scanned area (I
X 1 um?) of the irradiated SiO, surfaces. It is a direct evi-
dence that almost homogeneous wettability over the SiO,
surface is provided.

We determined the potential of the field created by the
charges p for an explanation of our experiments (Figs. 2 and
3). It is essential to choose a right model for the surface
potential calculation because of the fact that the calculations
or measurements of the screening length L, in oxide films are
not reported. However, it is well known that the concentra-
tion of mobile ions in SiO, is very low. Most of the mobile
ions precipitate on the Si/SiO, interface.’*? Few mobile
ions, remained in the bulk of the dielectric films, are not able
to effectively screen the field of the excess charge o. There-
fore, for our case, it is reasonable to assume that Lf>h.
Thus, the model of thin films approximation should be used.

Poisson’s equation is given by

Fo

4
% - 8—77[pe(x) + pp(0)],

with boundary conditions?! and thin film approximation,

((9_(/)) __A4mos,
X/ =0 8S(8S+8U),

()Dx=Ld = 0’
that leads to the following solution

dmo(L,—x) 4
o(x) = # _ _[pgRg(e—x/Re _ e—Ld/Re) + png,(e“’Rh

s 81/ SS

— ¢LdRny].

The potential value at ¢(0) defines the surface band bending
¢, which is obtained by substituting &,=1:

_4mol, Am

@5 = [png(l — e‘Ld/Re) + PgRZ(l _ e—Ld/Rh)].

g+1 g
(33)

By assuming L;>R,> R, Eq. (33) is simplified to the fol-
lowing:

_4mol,

@, = (34)

g+1°
By introducing Egs. (4)—(7) into Eq. (34), the behavior of the
surface potential ¢, dependence on the E, and 0 may be
explained.

C. Comparison between theory and experiment

The developed equations (6) and (33) predict the linear
dependence of the surface potential ¢, on the incident charge
Q in the first region, and that is consistent with the experi-
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mental data (Fig. 3). Charging of dielectric materials depends
on the primary electron energy E, (Fig. 5). This dependence
shows well-expressed maximum of both the decrease of the
wettability and the surface potential at about E, ~400 eV.
The level of the decrease of the wettability is defined by the
charge value and its relative distribution in the irradiated
sample. The electron penetration depth R, exceeds the hole
penetration depth R, by the free electron path A\, before cap-
turing by deep traps. The number of generated electrons and
holes increases with growth of E,. Thus, charging increases
and, hence, enhancement of the effect of the decrease of the
wettability is observed (Fig. 5). At further growth of E,
>400 eV, the opposite effect plays the main role. In such a
way, the electron penetration depth and the thickness of the
layer, in which electron-hole pairs are generated, are en-
larged. The penetration depth of holes R, in the dielectric
coincides practically with the thickness of this layer 4. Thus,
the relative difference between R, ~ R, +\, and R;, decreases
with the increase of the E, value. The partial overlapping of
the charges, p,(x) and p,(x), grows and then recombination
of these charges becomes more probable. As a result, the
density of the charges of a different sign decreases, resulting
in a suppression of the effect of the decrease of the wettabil-
ity. Such two opposite tendencies are capable of explaining
the occurrence of the cos # minimum as a function of E,.
This explanation comes in good agreement with the quan-
titative calculation using the developed theory and the fol-
lowing values of parameters: 6,=18°, E,,=18 eV, g,=1,
£,=3.8,% =804, &uw=11.7, =0.187* and v,
=72.8 mJ/ m2 (for the water/vapor interface).® The electron
penetration depth R, was calculated using the following ex-
pression: R,=Rj,+\,. The A, value was taken to be 5 nm
(Ref. 32) and the hole penetration depth R, was assumed to
be close to the maximum electron range R,,. The expression

for the R,, is derived as a function of E,,:56
115(E,[keV])'
R, [nm]= 1B lkeV]) 3)

polg cm™]

Here, p, 1s the density of the material. For the SiO,, p, is
2.2 g/em’.

Dotted lines in Fig. 5 show the results of calculations of
the ¢, dependence on the E, values [Eq. (33)]. These ap-
proximations were modeled by the use of a developed
model, with &(E,) as a fitting parameter. The Levenberg-
Marquardt method>” was used as an iterative procedure to
evaluate the best-fit values of the calculated parameters.

The experimental fitting of the secondary electron emis-
sion coefficient 5(Ep), which was determined by the estima-
tion of ¢y(E,) (Fig. 5), is revealed in Fig. 8. The theoretical
approximation of the secondary electron emission coefficient
8(E,), in accordance with the theory of Lye and Dekker,*®
plotted on the same figure (Fig. 8). The evaluated experimen-
tal dependence &(E,) is in good agreement with the theory>®
at £,> 150 eV. At the smaller values of E, the theoretical
values of 5(E1,) are smaller than the experimental results
(Fig. 8) and coincide with the data published in Ref. 58.
Maximum secondary electron emission yield and its corre-
sponding energy were achieved at 6,=1.92 and E[’:’
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FIG. 8. Dependence of the secondary electron emission coeffi-
cient & on the electron irradiation energy in the interval of E,
=10-500 eV. The solid line refers to the experimentally values.
The dotted line shows the approximation of the experimental de-
pendence obtained in the context of the theory of Lye and Dekker
(Ref. 58).

~400 eV, respectively. These values are consistent with the
experimental measurements obtained in experiments in a
rather low vacuum.’®*° In the further calculations, we use the
revealed experimental dependence of &(E,) (Fig. 8). The
neutrality condition of the sample (y=1) was obtained by
combining the data presented on Fig. 8 and in Eq. (7), and it
is carried out at E' ~40 eV. The calculated values of the
minimum (Ell,~40 eV) and maximum (E;’,’ ~400 eV) of the
effect of the decrease of the wettability are in good accor-
dance with the data shown in Fig. 5.

The obtained experimental values of 5(Ep) were used for
the calculations of the cos 6 dependence on Q and E, and the
¢, dependence on Q using the model thin film approximation
[Egs. (22) and (33)]. The nature of the observable square-law
dependence of cos # on the incident charge density Q (Fig.
3) is clear. More specifically, in accordance with Egs. (4)—(7)
and (34), the values of the charge densities, p, and p,, and
the potential ¢, created by them increase proportionally with
Q (a linear dependence) in the range of the low values of the
absorbed incident electron charge (Fig. 3) Thus, the cos 6
value, which is proportional to the Ay and Ayl values
[Egs. (6) and (17)—(19)], changes as Q? Wthh is consistent
with experimental results (Fig. 3). The approximated curves,
displayed in Figs. 3 and 5 by dotted lines, show good agree-
ment of the developed theory with the experimental data.

In addition, the possibility of the description of the results
of our experiments by the thick film approach is considered
as well. When the screening length is defined as a fitting
parameter, L, is obtained close to 130 nm. Such length of L,
is related to the bulk density of mobile charges n,~3
X 10" ¢cm™, in spite of the fact that the density of positive
alkali ions and protons in SiO, may be in the order of
10" cm™ or even higher.>> However, most of these ions stay
fixed at room temperature. For example, ions of H*, Li*, and
K* become mobile around 400 °C,>2%° and ions of Na*
~200 °C.®" Therefore, the high values of n, essential for
screening, are unachievable. This fact does not allow us to
use a model of the thick film approximation for the descrip-
tion of our experiments.
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D. Verification of the proposed model

It is known that the sample charge value o under electron
irradiation depends on a total emission coefficient y [Eq.
(7)]. Generally, the sample is negatively charged if y<<1, but
it has the opposite charge if y> 1. There is a specific value
of the primary electrons energy Ell7 at which y=1. In this
case, the sample remains uncharged (o=0), the surface po-
tential ¢, [Eq. (33)] should be close to zero, while the energy
of the interaction between the real charge p and its image
[Eq. (12)] is equal to zero. Thus, by neglecting the small
term (G,) of Eq. (20), the value of cos 6 is invariable (6
=6,) in spite of an electron irradiation. Thus, a full suppres-
sion of the effect of the decrease of the wettability is pre-
dicted at E,,zE;. Our calculation (Fig. 8) shows that the
neutrality condition of the sample (y=1) is carried out at
Ell7 ~40 eV. The obtained experimental data (Fig. 5) are con-
sistent with this estimation: the almost full suppression of the
effect of the decrease of the wettability is actually observed
at the incident electron energy Ell,~40 eV and the surface
potential passes through zero for the energy close to Ell,.

In our case, the effect of the decrease of the wettability is
ascribed to the separation of the localized charges of differ-
ent signs induced by an electron irradiation (first region).
Such a separation may be considered as the formation of an
electret state. It is known*! that UV illumination causes a
photostimulated discharge of an electret state. Therefore, one
can expect that the discharge of the fabricated electret state
under UV illumination should lead to a reduction of the ef-
fect of the decrease of the wettability in the first region. Such
a reduction was observed in our experiments, when UV-
stimulated discharge reversed the wettability of the electron-
irradiated sample to the initial state.

The found electron-induced method’ of surface free en-
ergy modification allows tailoring a high-resolution wettabil-
ity patterning.®! Figure 9 presents the electron-induced pat-
terning of SiO, surface with three different levels of
wettability providing sharp contrast of wetting. Open-air wa-
ter microchannels were fabricated on the SiO, surface with
different degrees of wettability, induced by variation of the
incident charge density Q (the incident electron energy is
E,=100 eV). The patterned surface was exposed to a water
vapor at a 50% RH. After cooling to a temperature of 5 °C
below the dew point, the water condensed on the hydrophilic
regions, producing liquid microchannels.®?> Large drops are
associated with hydrophilic (untreated) region, whereas dark
and bright areas, with no visible drops, are referred to the
hydrophobic regions for 9=0.10 and 2 uC/cm?, respec-
tively. The tailored microchannels of 3 um width are homo-
geneous and shaped as cylinder segments with a constant
cross section. In this way, one should be able to produce
wettability structures with a large variety of wetting mor-
phologies.
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FIG. 9. (Color online) Open-air water microchannels on the
SiO, substrate. Surface wettability patterning was performed by a
low-energy electron beam irradiation with £,=100 eV. Variation of
the incident charge density 0=0.10 and 2 uC/cm? allows us to
observe the “wettability” contrast.

The implemented study demonstrates the possibility of a
controllable reduction of the wettability of a surface, result-
ing in tailoring of the surface free energy, using irradiation
by low-energy electrons. Potential applications might be in
the fields of biomedicine,®® materials science, and microelec-
tronic technology. Investigations of the retention of the
wettability-induced SiO, samples show that tailored hydro-
philic and hydrophobic states remained stable at least during
the month under different environment conditions, such as
air and water.

V. CONCLUSION

We provide experimental evidences that the electron-
induced surface charge of different dielectrics leads to a pro-
nounced decrease of the wettability. The proposed theory
ascribes the observed effect at the low dose irradiation to a
reduction of the solid/liquid and solid/vapor interfacial free
energies and shows that the reduction of the latter is always
higher. Various situations of wettability variation, for thin
and thick films, induced by an electron irradiation are con-
sidered when liquid electrostatic energy contribution is taken
in to consideration. The effect of the decrease of the wetta-
bility under an electron irradiation is caused only by the
electrostatic energy term, related to interactions of an excess
charge with its images outside the electron-irradiated dielec-
tric film. The developed theory is in good agreement with the
experimental data. The predicted suppression of the effect
has been actually demonstrated under low-energy incident
electron irradiation and UV illumination.
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