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A B S T R A C T

The activation energy is the minimum amount of energy required to initiate a reaction. It is one of the

important indexes for appraising a reaction. The chemical reaction rate is closely related to the value of

activation energy, and reducing activation energy is propitious to promoting a chemical reaction. In the

present paper, the relationship between the activation energy in Si–KOH reaction system and the

ultrasound frequency and power has been discussed for the first time. The range of ultrasound frequency

and power is 40–100 kHz (interval by 20 kHz) and 10–50 W (interval by 10 W), respectively. The

experimental data indicate that the activation energy decreases with the increasing ultrasound power.

Comparing with the activation energy without ultrasound irradiation, the results in our paper indicate

that ultrasound irradiation could reduce the activation energy in Si–KOH reaction system and increase

the reaction rate.

� 2013 Bayanheshig. Published by Elsevier B.V. on behalf of Chinese Chemical Society. All rights

reserved.
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1. Introduction

The activation energy is the minimum amount of energy
required to initiate a reaction. It is one of the important indexes for
appraising a reaction [1]. The chemical reaction rate is related
closely to the value of activation energy. The lower the activation
energy, the faster the reaction rate is. Reducing activation energy is
propitious to promoting a chemical reaction. Ultrasound irradia-
tion [2–8] and catalyst [9] are two common ways to reduce
activation energy.

As a common anisotropic wet etching process applied widely in
the semiconductor industry, making use of the anisotropy of silicon
in KOH solution could fabricate lots of micro-nanostructure such as
V-groove [10], grating with small blaze angle [11–13] and echelon
grating [14–16]. As an important intrinsic parameter, quantitative
analysis of activation energy could identify the changing law of the
etching rate and the effect of temperature on the etching rate. Much
significant work has been done to study the relationship between
the activation energy and the reaction temperature and concentra-
tion. Seidel [17] found that the activation energy of (1 0 0) crystal
plane and (1 1 0) crystal plane is 0.595 eV and 0.60 eV, respectively,
in his study about the etching reaction of silicon in KOH solution.
Herr [18] found that the activation energy of (2 1 1) crystal plane is
0.641 eV when the molar concentration of the KOH solution is 6 mol/
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L and the range of reaction temperature is 50–90 8C. Zavrocky [19]
found that the activation energy of (1 0 0) crystal plane is 0.56 eV
when the range of mass fraction of the KOH solution is 25–45%.
Furthermore, Price [20] has also studied the quantitative relation-
ship between the activation energy in a Si–KOH reaction system and
IPA. The experimental results indicated that the activation energy of
(1 0 0), (1 1 0) and (1 1 1) crystal plane is 0.77 eV, 0.76 eV and
0.59 eV, respectively, when the mass fraction of the KOH solution
and IPA is 23.4% and 13.3%, respectively.

In the process of silicon wet etching, the ultrasonic vibration is
usually introduced to produce low roughness surface and reduce the
‘‘pseudo-mask’’ problem caused by hydrogen bubbles. Several
authors such as Ohwada [21–24] found that the ultrasonic vibration
could increase the etching rate during the silicon wet etching
process. However, the relationship between the activation energy
and the ultrasound frequency and power has not yet been reported
in the literature. Furthermore, Jiao [25] indicated that activation
energy changed by ultrasound is an essential parameter in the model
discussing the ultrasonic enhancement on the mass transfer in the
silicon–KOH reaction, which means that it is important to confirm
the activation energy in a system induced by ultrasound.

In the present work, the effects of ultrasound frequency and
power on activation energy in the reaction between Si (1 0 0), Si
(1 1 1) and KOH solution have been discussed for the first time.
Under the experimental conditions of the confirmed ultrasound
frequency and power, we have measured the etching depth of
silicon wafer using AFM and solved the etching rate by calculating
the ratio of etching depth to etching time. After calculating the
half of Chinese Chemical Society. All rights reserved.
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Fig. 1. The sketch showing experimental equipment in silicon wet etching process.
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activation energy according to the Arrhenius equation, the relation
between activation energy and ultrasound frequency and power
have been discussed.

2. Experimental

The silicon wafer used in our experiment is high-purity float
zone silicon boules up to 76.2 mm in diameter and 1 mm in
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Fig. 2. (a) Temperature dependence of the etching rate along (1 0 0) orientation with

temperature dependence of the etching rate along (1 1 1) orientation with different ultras
thickness with a resistivity of approximately 2000 V cm, and a
SiO2 layer with a thickness of 70 nm is deposed on silicon wafer
using the thermal growth method. The SiO2 mask is formed on the
silicon substrate by exposure and development of photoresist and
etching on SiO2 layer using the BHF and RIE methods [26]. The
samples were etched in an ultrasonic bath. The temperature was
varied between 20 8C and 60 8C and was controlled with an
accuracy of � 0.2 8C. The mass fraction of KOH solution is 10%. In
order to keep the solution concentration uniform, the condenser pipe
is added during the wet etching process. The range of ultrasound
frequency and ultrasound power is 40–100 kHz and 10–50 W,
respectively. Fig. 1 is a sketch showing the experimental equipment
in the silicon wet etching process.

The silicon wafers were etched under different experimental
conditions through changing ultrasound frequency and ultrasound
power, and the etching time is 3 min. We have measured the
etching depth of silicon wafer using AFM and solved the etching
rate by calculating the ratio of etching depth to etching time.
Finally we have calculated the activation energy using the least
square method in the form of the Arrhenius equation [25,27].

3. Results and discussion

Fig. 2a shows the temperature dependence of the etching rate of
(1 0 0) orientated single-crystal silicon in the KOH solution with
frequencies at 40 kHz, 60 kHz, 80 kHz and 100 kHz (power is 50 W)
and the same data plotted in Arrhenius form are shown in Fig. 2b.
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Fig. 3. The sketch showing relationship between activation energy and ultrasound power with (a) Si (1 0 0) and (b) Si (1 1 1).
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According to the data shown in Fig. 2a, the etching rate R is strongly
dependent on temperature T. In this case, the etching rate R is
thermally activated, with a relationship to temperature T as given
in the equation R = R0 exp(�Ea/kT), where R0 is the frequency
factor, Ea is the activation energy, and k is the Boltzmann’s
constant. Based upon the experimental data shown in Fig. 2b, the
activation energy of silicon wet etching with KOH solution under
the conditions of ultrasonic frequencies at 40 kHz, 60 kHz, 80 kHz
and 100 kHz (power is 50 W) was 0.458 eV, 0.429 eV, 0.464 eV and
0.448 eV, respectively. Fig. 2c, d is the temperature dependence of
the etching rate of (1 1 1) orientated single-crystal silicon in the
KOH solution with frequencies at 40 kHz, 60 kHz, 80 kHz and
100 kHz (power is 50 W) and the same data plotted in Arrhenius
form respectively. As shown, the activation energy is 0.422 eV,
0.388 eV, 0.458 eV and 0.403 eV, respectively. The standard
deviation of the activation energy of silicon (1 0 0) is smaller than
1 � 10�11 (eV) and that of silicon (1 1 1) is smaller than 5 � 10�13

(eV).
Hydrogen bubbles generated during the reaction between

silicon and KOH solution without ultrasound would log on the
etched surface to form the ‘pseudo-mask’, which will obstruct the
chemical reactions between them and lower the etching rate. The
vibration of hydrogen bubbles by ultrasonic cavitation could
increase the leaving rate of hydrogen bubbles from silicon surface,
and furthermore increase the reaction rate between silicon and
KOH solution. Comparing the activation energy we calculated in
our paper with the traditional ones, the introduction of ultrasound
in the reaction between silicon and KOH solution could reduce the
activation energy and increase the reaction rate, which is
Table 1
The activation energy of reaction between Si (1 0 0), Si (1 1 1) and KOH solution under 

Crystal plane Experimental condition 

(1 0 0) 42% KOH 

n (1 0 0) 5–50 V 25–45% KOH 

n (1 0 0) 1 V 23.4% KOH + 13.3% IPA 

(1 0 0) 10% KOH + 40 kHz (10–50 W) 

(1 0 0) 10% KOH + 60 kHz (10–50 W) 

(1 0 0) 10% KOH + 80 kHz (10–50 W) 

(1 0 0) 10% KOH + 100 kHz (10–50 W) 

n (1 1 1) 1 V 23.4% KOH + 13.3% IPA 

(1 1 1) 10% KOH + 40 kHz (10–50 W) 

(1 1 1) 10% KOH + 60 kHz (10–50 W) 

(1 1 1) 10% KOH + 80 kHz (10–50 W) 

(1 1 1) 10% KOH + 100 kHz (10–50 W) 

(1 1 1) 10% KOH 
consistent with above-mentioned results discussed qualitatively.
Although the enhancement effects of ultrasound increase with the
increase of ultrasound frequency, the experimental results in our
work indicated that this enhancement was nonlinear. In the
frequency range studied, the enhancement effects of ultrasound on
activation energy decrease in the order of 60 kHz, 100 kHz, 40 kHz
and 80 kHz.

Fig. 3a, b shows the relationship between the activation energy
and the ultrasound power under different ultrasound frequencies
with Si (1 0 0) and Si (1 1 1), respectively. As seen, the activation
energy decreases with the increase of ultrasound power at the
same ultrasound frequency.

Table 1 shows the activation energy of reaction between Si
(1 0 0), Si (1 1 1) and KOH solution under various experimental
conditions. To the Si (1 0 0) crystal surface, the IPA added in KOH
solution has the effect of increasing activation energy and
decreasing the etching rate, and the ultrasonic vibration intro-
duced in the reaction process could reduce the activation energy,
increase the etching rate and shorten the etching time.

To the best of our knowledge, the activation energy of the Si
(1 1 1) crystal surface without ultrasonic vibration has not been
reported before. Based upon this actuality, we calculated the
activation energy of Si (1 1 1) crystal surface without ultrasonic
vibration in our work and the results are shown in Table 1.
Comparing the activation energy of Si (1 1 1) crystal surface with
and without ultrasound revealed a similar trend to the Si (1 0 0)
crystal surface, that is, the ultrasonic vibration introduced in the
reaction process could reduce the activation energy, increase the
etching rate and shorten the etching time.
various experimental conditions.

Activation energy (eV) Ref.

0.59 [7]

0.56 [9]

0.77 [10]

0.458–0.465 This work

0.429–0.436 This work

0.464–0.472 This work

0.448–0.460 This work

0.59 [10]

0.422–0.436 This work

0.388–0.402 This work

0.458–0.470 This work

0.403–0.419 This work

0.50 This work
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4. Conclusion

The relationship between activation energy of Si (1 0 0), Si
(1 1 1)–KOH reaction system and ultrasound frequency and power
was discussed for the first time in our work. The experimental
results indicated that the enhancement effects of ultrasound on
activation energy decrease in the order of 60 kHz, 100 kHz, 40 kHz
and 80 kHz, and the activation energy decreases with the increase
of ultrasound power at the same ultrasound frequency.
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