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Steve Arscotta) and Matthieu Gaudet
Institut d’Electronique, de Micro�electronique et de Nanotechnologie (IEMN), CNRS UMR8520,
The University of Lille, Cit�e Scientifique, Avenue Poincar�e, 59652 Villeneuve d’Ascq, France

(Received 13 March 2013; accepted 28 July 2013; published online 15 August 2013)

We report electrowetting at a liquid metal-semiconductor (Schottky) junction using of a mercury

droplet resting on silicon. This is demonstrated using n-type and p-type single-crystal silicon

wafers of different doping levels. The voltage-dependent wetting contact angle variation of the

mercury droplet is observed to depend on both the underlying semiconductor doping density and

type. The electrowetting behavior can be explained by the voltage-dependent modulation of the

capacitance of a Schottky junction; current-voltage and capacitance-voltage measurements

indicate this to be the case. A modified Young-Lippmann electrowetting equation—formulated

using a well-established metal-semiconductor junction model—agrees well with the

observations. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4818715]

Two well-known physical effects are rectification1 dis-

covered by Ferdinand Braun in 1874 and electrowetting2

stemming from the work of Gabriel Lippmann in 1875. The

metal-semiconductor contact3 is one of the workhorses of

the microelectronics revolution4 whilst modern electrowet-

ting-on-dielectric (EWOD)5—using a liquid-insulator-con-

ductor junction—has many applications6–14 including

displays,6 droplet transport,7,8 smart optics,9,10 electronic

paper,11,12 miniaturized chemistry,13 and energy harvest-

ing.14 Here, electrowetting is reported at a rectifying liquid

metal-semiconductor (Schottky) junction15,16—effectively

combining the two effects.

Electrowetting5 can be understood using the following

equation:

cos hðVÞ ¼ cos h0 þ
EðVÞ

c
; (1)

where h(V) is the voltage V dependent contact angle of a

droplet resting on a surface, h0 is the contact angle of the

droplet at zero bias, and c is the surface tension of the liquid.

In the case of EWOD, the energy term E(V) (per unit sur-

face) corresponds to the stored electrical energy in the

capacitive layer, i.e., 1=2CV2 – C (per unit surface) does not

vary with voltage. By replacing the conductor by a semicon-

ductor, an optically induced wetting transition and a voltage-

polarity dependent wetting transition have recently been

demonstrated using an electrolyte-insulator-semiconductor

system17—it follows thus that original wetting transitions

may also be associated with the dissymmetrical electrical na-

ture of a liquid metal-semiconductor junction.18–21

Fig. 1 illustrates electrowetting of a perfectly conducting

droplet which forms a Schottky junction at the surface of a

semiconductor. At thermal equilibrium the Fermi level (short

dashed line) in the semiconductor lines up with the top of the

conduction band in the conducting droplet (shaded region)—

the droplet will form a zero-bias contact angle h0 with the sur-

face of the semiconductor. Under reverse bias, the capacitance

of the junction decreases causing the contact angle of the con-

ducting droplet—indicated by the long dashed line—to

decrease as the reverse bias is increased. In order to demon-

strate the effect a liquid metal-semiconductor contact, such as

Hg-Si,22–28 can be used. Indeed, mercury has successfully

been used to demonstrate and apply EWOD.8,29

Fig. 2 shows photographic evidence of electrowetting at a

Schottky junction (see also Ref. 30). Small droplets of mer-

cury—having a diameter less than the capillary length

�1.9 mm - were placed directly onto the prepared silicon

wafers.30 Removal of the oxide prior to Hg deposition pro-

duces a Schottky contact.23,24,26,28 Fig. 3 shows the variation

of contact angle—extracted using software31—with applied

voltage (open circles data) for n-type and p-type silicon. An

electrowetting effect was observed for all wafers tested. The

contact angle reduces upon increasing reverse bias—by �2.5�

for n-type (0 to �20 V) and �5� for p-type (0 to 30 V) - the

electrowetting occurs only under reverse bias. The role of the

semiconductor doping density is also apparent: the higher

doped p-type wafer has a larger contact angle variation. The

droplet contact radius is seen to increase when increasing the

reverse bias voltage—the value of droplet contact radius

FIG. 1. Energy band diagrams of electrowetting of a conducting droplet

(grey) at a Schottky junction under different bias conditions. (a) n-type at

thermal equilibrium. (b) n-type under reverse bias—a negative voltage

applied to the droplet. (c) p-type at thermal equilibrium and (d) p-type under

reverse bias—a positive voltage applied to the droplet. Ec, bottom of the

conduction band; EF, Fermi level; Ev, top of the valence band and

Vbi¼ built-in voltage of the junction.a)Electronic mail: steve.arscott@iemn.univ-lille1.fr
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variation is greater for the higher doped p-type wafer. The

droplet contact surface is observed to increase significantly

upon application of reverse bias voltage: �10% for the n-type

wafer (at �20 V) and �15% for the p-type wafer (at 40 V);

this observation could have implications for mercury based

contact measurements in semiconductor studies, see later. The

electrowetting is reversible—turning off the reverse bias ena-

bles the zero-bias contact angles to be restored. Contact angle

saturation32,33 is also apparent from the data—for the n-type

silicon, saturation begins at �20 V whereas for the p-type sili-

con it begins at 30 V. Contact angle saturation for EWOD is a

well-documented phenomenon32 which still defies a total

understanding.33 The measured contact angle variation indi-

cates the importance of the role of the Schottky junction and

hence the importance of parameters such as doping density,

barrier height, built-in voltage, and surface states. In order to

characterize the Schottky diodes, we have conducted electri-

cal measurements.

Fig. 4 shows current-voltage (I–V) measurements per-

formed on the Hg-Si Schottky junctions used for the electro-

wetting experiments. The purpose of the I–V measurements

was twofold: (i) to be sure that the Hg-Si systems—used for

the electrowetting experiments—behave as Schottky diodes

in reverse bias22–28 (ii) to measure the barrier heights and

built-in voltages of the Hg-nSi and Hg-pSi used for the elec-

trowetting systems (see Ref. 30 for parameter extraction

method).

The I–V measurements indicate that the Hg-Si contacts

are functioning as reverse bias Schottky diodes. The zero-bias

junction surfaces were measured to be 1� 10�6 m2 (n-type)

and 6.7� 10�7 m2 (p-type). The measured current densities

J—plotted in Fig. 4—are consistent with previous studies

using silicon wafers having similar restivities.22–28 For the

Hg-nSi contact, J¼ 2.3� 10�5 A m�2 at �1 V rising to

11 A m�2 at �15 V and 50 A m�2 at �20 V [Fig. 4(a)]—com-

parable to the litterature22,25,26 following surface treatment

with HF. For the Hg-pSi contact, we observe J¼ 2� 10�3 A

m�2 at 1 V rising to 3.7 at 15 V and 22.4 A m�2 at 25 V

[Fig. 4(b)]—comparable to the litterature22–24 following sur-

face treatment with HF. The apparent reverse bias breakdown

voltages are comparable with those given in Ref. 23. The bar-

rier heights /b of the Hg-nSi and Hg-pSi junctions were

measured to be 0.82 eV and 0.77 eV—thus Vbi can be calcu-

lated to be 1.1 V and 1.01 V for the n-type and the p-type Hg-

Si junctions using the precise doping densities obtained using

the capacitance-voltage (C–V) measurements.

The I–V measurements also suggest an explanation for

the observed contact angle saturation—Fig. 3 (open circle

data). The higher reverse bias leakage currents at voltages

above �20 V for the n-type and 25 V for the p-type suggest

that the junction can no longer be considered to be a near

perfect capacitor; in this case, Eq. (1) no longer holds—due

to energy loss—and one would not expect the contact angle

to decrease when increasing the reverse bias voltage further.

At higher reverse bias, current spikes are sometimes

observed during the I–V measurements [Fig. 4(b)] and during

the electrowetting experiments, however, the contact angle is

not observed to change abruptly when this is the case.

Small signal C–V measurements, shown in Fig. 5, were

performed using the silicon wafers used for the electrowet-

ting experiments for several reasons: (i) to measure the pre-

cise doping density level of the silicon wafers, (ii) to

measure the areal capacitance as a function of applied volt-

age and frequency, (iii) to estimate the surface state density

at the silicon surfaces, and (iv) to measure the series resist-

ance introduced by the Si wafer. Depending on pre-treatment

of the silicon surface,3 aluminum is known to form good

Schottky contacts to both n and p-type silicons.34 Use of a

solid metal contact allows the extraction of C as the surface

area is constant. Indeed, the surface treatment prior to

FIG. 2. Evidence of electrowetting at the mercury-silicon Schottky junction.

(a) n-type silicon at zero bias. (b) n-type silicon at a reverse bias of �20 V.

(c) p-type silicon at zero bias and (d) p-type silicon at a reverse bias of

þ40 V. The measured contact angles h (deg) and radii r (lm) of droplet con-

tact surface are given.

FIG. 3. Contact angle versus voltage for the mercury-silicon Schottky junc-

tions. (a) n-type silicon and (b) p-type silicon (open circles). Thick solid

lines indicate the modeled curves based our model, Eq. (2). Thin dashed

lines obtained from the C–V measurements.
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Schottky formation (Hg and Al) was the same for the two

experiments. An HF surface treatment of silicon prior to

Schottky contact formation is known to result is a low sur-

face state density35 Ds �1010 states m�2 eV�1.

The high frequency C–V measurements allow the extrac-

tion of the doping density of the wafers via a Mott-Schottky

1/C2 versus V plot shown in the insets to Fig. 5—at 1 MHz

the measured capacitance is equal to the depletion layer ca-

pacitance as charge at the interface cannot follow the AC sig-

nal.4 The doping levels of the n-type and p-type wafers were

evaluated to be 5.22� 1014 cm�3 (8.66 X cm) (max:

5.47� 1014 cm�3, min: 5� 1014 cm�3) and 2.12� 1015 cm�3

(6.46 X cm) (max: 2.18� 1015 cm�3, min: 2.05� 1015 cm�3).

The difference between the low frequency and high frequency

C–V curves can be used to estimate4 the surface state density

Ds which we consider in a first approximation to be constant,

although this is known not to be the case.36 The C–V measure-

ment yield values of Ds corresponding to 2.98� 1011 states

m�2 eV�1 and 3.48� 1011 states m�2 eV�1 for the n-type and

the p-type silicon surfaces used here. These measured values

for the silicon surface state density Ds agree well with meas-

ured values for silicon surfaces35 and also using Hg-Si

system.26–28 In addition, and as a comparison, I–V measure-

ments were performed on the Al-Si Schottky diodes leading

to the following results: Vbi¼ 1 V and 1.06 V - ub¼ 0.78 eV

and 0.77 eV for n-type and p-type materials.

The C–V measurements also allow us to evaluate the se-

ries resistance Rs introduced by the finite conductivity of the

silicon wafers. We measure Rs¼ 850 X (n-type) and 425 X

(p-type) for Al-Si diodes having a surface area are compara-

ble to the junction area of the Hg-Si diodes used for the elec-

trowetting experiments.

As the capacitance of a Schottky diode is voltage-

dependent we need to derive a modified Young-Lippmann

equation to describe Schottky electrowetting. As a first

approximation, by using a simple charge model of a Schottky

junction4—taking into consideration surface states and the

space-charge density in the semiconductor—one can obtain

the following formula (see Ref. 30):

cos h ¼ cos h0 þ
2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qere0ND

p

3c
ðVbi � VÞ

3
2

� qDs

c
ðEg � q/0 � q/BnÞV; (2)

where h and h0 are described above, er is the dielectric con-

stant of the semiconductor, e0 is the permittivity of free

space, q is the elementary charge, ND is the doping density

in the semiconductor (n-type), V is the applied voltage, Vbi is

the built-in voltage of the diode,4 and Ds is the surface state

density,4 c is as above, Eg is the band-gap of the semiconduc-

tor, /0 is the energy level at the semiconductor surface,4 /bn

is the barrier height of the metal-semiconductor.4 Note that,

in contrast to EWOD, electrowetting-on-a-semiconductor

depends strongly on the properties of the underlying semi-

conductor (doping type, ND and er) and the semiconductor

FIG. 4. Measured I–V characteristics for mercury-silicon Schottky diodes.

(a) n-type silicon and (b) p-type silicon. The thin lines are the modified cur-

rent densities obtained using Eqs. (2) and (3).

FIG. 5. Measured C–V curves for aluminum-silicon Schottky diodes formed

using silicon wafers having the same doping density and surface treatment

prior to Schottky formation as used for the electrowetting experiments.

(a) n-type silicon and (b) p-type silicon. Measurement frequency¼ 100 kHz

and 1 MHz. Insets show Mott-Schottky 1/C2 vs. V—plots at 1 MHz. The

dashed curves are based on a depletion layer capacitance model [see Ref. 4].
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interface (Ds, Vbi, /0, and /bn). Equation (2) holds only in

reverse bias; under forward bias, conduction occurs and the

droplet will not spread out—as is seen in the measurements

[Fig. 3].

We are in a position to plot the modified Young-

Lippmann Eq. (2) in Fig. 3 by using the measured values of

the doping densities N, the built-in voltages Vbi, the barrier

heights /b and by using a surface tension of mercury equal

to 486.5 mJ m�2 and an energy level at the silicon surface4

u0 equal to 0.3 6 0.36 eV. Using the extracted Schottky pa-

rameters it can be seen that Eq. (2) agrees very well with the

contact angle measurements up to the point where contact

angle saturation is observed due to conduction (as explained

above).

In addition, the small signal areal capacitance values—

obtained from the C–V measurements—can be used to calcu-

late the stored charge Q at the Schottky junction at a given

voltage—these values of Q can be then injected into a modi-

fied Young-Lippmann equation;30 by doing this one obtains

the short dashed lines indicated in Fig. 3. These data are seen

to fit well with the contact angle variation obtained from the

electrowetting measurements (open circles) using the capaci-

tance measurements indicating that the electrowetting is

determined by the space-charge and surface-charge of the

Schottky diode. It is well documented that the capacitance of

a Schottky diode is dependent on measurement fre-

quency37,38 and depends strongly on interface traps.39,40 The

observations here suggest that the areal capacitance associ-

ated with the electrowetting measurements is the capacitance

associated with space-charge and surface states.

We now know that a voltage-induced modification of

the contact angle—at constant droplet volume vd—results in

a modification of the surface area of the Hg-Si liquid-solid

interface Als. As a consequence the current density

Jmeas¼ IAls—obtained from the I–V measurements - and the

capacitance Cmeas¼CAls—obtained from the C–V measure-

ments—are incorrect if we consider Als to be constant and

should be modified using the following equation:

AlsðhÞ ¼
2
ffiffiffi
p
p

vd sin3h

ð2þ cos hÞð1� cos hÞ2

" #2
3

: (3)

This effect should be taken into consideration for electrical

measurements using conducting liquid-semiconductor

(e.g., Hg-Si)26 and conducting liquid-insulator-semiconductor

(e.g., Hg-SiO2-Si)26 systems if surface restriction techniques,

such as an o-ring,22,23 are not employed to fix the diode junc-

tion area. In order to obtain the true values of J (A m�2) and

C (F m�2) from the measured I (A) and C (F), one should

divide the measured values by the voltage-dependent contact

area Als—obtained via electrowetting experiments—and not

simply by the Als at zero bias. By using Eqs. (2) and (3) and

the values of the contact angle saturation from the contact

angle data, the real current densities at �30 V (n-type) and

þ40 V (p-type) [Fig. 4] are a factor of 0.9 and 0.84 smaller

than Jmeas—these are plotted as thin lines in Fig. 4.

Finally, it should be noted that, unlike the EWOD set-up,

original wetting transitions can be observed using liquid-

semiconductor (as reported here) and liquid-insulator-semi-

conductor junctions.17 The use of semiconductor properties in

wetting may have important applications, e.g., a combination

of electrowetting and rectification could be useful in terms of

energy harvesting14 and microfluidic electronics.41
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