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Abstract The micromachining of complex three-dimen-

sional microstructures (bulk micromachining) on metals

can be applied to fabricate many novel devices for micro

electromechanical system (MEMS), which will greatly

benefit the development of MEMS. In this paper, a new

electrochemical micromachining method named the con-

fined etchant layer technique (CELT) was explored on the

micromachining of the titanium alloy. Micro-scale trape-

zoidal slots were replicated on titanium alloy by using a

mold with the corresponding negative microstructures

(trapezoidal teeth). The machining resolution reached

0.503 lm. The electrochemical mechanisms involved in

the process are analyzed and the parameters that influenced

the machining resolution are discussed.

Keywords Bulk micromachining � Confined etchant

layer technique � Etching � Titanium

1 Introduction

So far silicon is still predominant among the materials

used for micro electromechanical systems (MEMS). In

recent years, more metals have been investigated for

MEMS due to their excellent electrical and thermal con-

ductivity and mechanical and magnetic properties [1–6].

However, up to now metallic MEMS components that

have been fabricated are mainly nickel and copper with

simple structures since the main micromachining tech-

nology is based on LIGA (an acronym from German

words for lithography, electroforming, and molding) [7, 8]

that can be applied to fabricate high-aspect-ratio bulk

microstructure for Ni and Cu [9, 10]. Titanium is an

important metal, but it is difficult to micromachine by

LIGA due to the difficulty in electro- or electroless-

deposition of titanium in the microstructured photoresist

formed by X-ray photolithography, which is one of the

key steps of the LIGA process. Furthermore, the complex

three-dimensional (3D) microstructures without straight

sidewalls are very difficult to machine by LIGA.

Ti and its alloys possess the best strength-to-weight

ratio and corrosion resistance among metals. In contrast

with Si, Ti and its alloys have much higher fracture

toughness, better electrical conductivity and greater bio-

compatibility. Therefore, they are very attractive for

MEMS uses. Although as a functional thin film material,

Ti has long been used in the microelectronics industry

where only patterning titanium thin film (known as sur-

face micromachining) is needed [11, 12], it is rarely used

in MEMS due to the difficulty of micromachining com-

plex 3D microstructure with a high-aspect-ratio. Surface

micromachining on Ti is easy to carry out by photoli-

thography, electronic beam, ionic beam or reactive ion

etching and so on; however, these techniques are difficult
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to apply in micromachining complex 3D microstructure

for Ti. As well as the techniques mentioned above for

metal micromachining, other methods of interest such as

through-mask electrochemical micromachining (EMM)

[13–15] have been investigated and some useful micro-

structures have been obtained [16–18]. However, due to

the isotropy of electrochemical dissolution of metals,

undercutting inevitably takes place. Therefore, it is dif-

ficult to get high-aspect-ratio microstructures, especially

for complex three-dimensional microstructures. In the

1980s, Bard’s group invented scanning electrochemical

microscopy (SECM) [19] and used it in micromachining

of metals [20–22]. It generated etchant electrochemically

on a microelectrode to etch the samples and was effec-

tive for etching of copper. Nevertheless, owing to the

free diffusion of the etchant, its spatial resolution was

limited. Recently, two new approaches for bulk mi-

cromachining of metals were proposed. One was

ultrashort voltage pulses electrochemical machining

reported by Schuster et al [23–26]. The other was

anisotropic reactive ion etching with oxidation (ARIO)

reported by Aimi et al. [27]. However, complex 3D

microstructures are still difficult to micromachine by

these methods.

In this paper we present an electrochemical bulk

micromachining method named the confined etchant

layer technique (CELT) [28–32] for micromachining

titanium and its alloys. The fundamentals of CELT can

be described as follows: The etchant is generated elec-

trochemically on the surface of a machining tool or a

mold with desired 3D microstructures. A specific scav-

enger is added to the electrolyte that captures the etchant

within a very short duration so as to prevent the etchant

from diffusing away from the mold surface. Thus, the

etchant layer around the mold is kept so thin that its

profile takes approximately the contour of the micro-

structures of the mold. When moving the mold until the

etchant layer contacting the workpiece, the workpiece

will be etched. By continuously approaching the mold to

the workpiece with etching proceeding, an approximate

mirror-image replica of the microstructures of the mold

is obtained.

Theoretically, if the concentration of the scavenger is

much greater than that of the etchant generated on the

mold, it can be assumed that the scavenger concentration

remains constant during the whole process and the scav-

enging reaction is of pseudo-first-order with rate constant

ks. The thickness of the confined etchant layer (l) can be

estimated as: l = (D/ks)1/2 [32], where D is the diffusion

coefficient of the etchant in the solution.

The major advantages of CELT can be summarized as

follows: it can be used to fabricate complex 3-dimen-

sional micro- (or nano-) structures; it can control precisely

the machining depth by controlling the moving distance

of mold (through high precision PZT), rather than by

approximately controlling the machining time as in pho-

tolithography; it can be used in a batch process with

fewer steps than in photolithography. The possible

destruction and denaturalization of the intrinsic structure

beneath the machining surface usually caused by high-

energy beam machining can be avoided. In our laboratory

the replication of complex 3D microstructures has been

achieved on the surface of GaAs, Si, copper and nickel

with a nano or sub-micro resolution [28–31].

Here, micromachining on titanium related alloys is

reported. Microstructures like trapezoidal slots are repli-

cated on titanium alloy (Ti6Al4V) by using a mold with

trapezoidal teeth. The electrochemical mechanisms

involved in the process are analyzed in detail and the

parameters influencing machining resolution are discussed.

2 Experiment

The titanium alloy to be etched was Ti6Al4V with 1 mm

thickness. It was polished with alumina powder of 2 lm,

0.5 lm and 0.05 lm diameter successively, then rinsed

with water and acetone in an ultrasonic bath, and finally

washed with ultra pure water prior to use. The 3D mold

on which the etchant is generated electrochemically was

set as the working electrode in a three-electrode system.

The counter electrode was a Fe wire ring surrounding the

working electrode, and a saturated calomel electrode

(SCE) was used as reference electrode. The workpiece

(Ti6Al4V) was set at open-circuit in the solution. As the

contact between the mold and workpiece would lead to

anodic dissolution of the workpiece, a potentiometer was

connected between them to detect the voltage change so

as to judge whether they were contact or not. Great care

should be taken to avoid contact between them as the

mold approaches the workpiece surface. During the

etching process, the mold was raised some distance and

then lowered periodically to allow the solution between

mold and workpiece to be refreshed. The mold used in

this work was a silicon wafer containing some regular

trapezoidal gear-like microstructures. In order to achieve

good conductivity of the mold, a 100 nm thick of Pt film

was deposited by RF magnetron sputtering on the mold

surface to ensure good conductivity on the mold.

All chemicals were of analytical grade and diluted with

ultra-pure water. The etchant-forming solution comprised

0.2 M NaF + 0.4 M NaClO3 + 0.6 M NaClO4 + 0.3 M

NaNO2 + 0.1 M NaOH. Using constant current polariza-

tion, I = 5 mA cm-2. The working temperature was

maintained in the range 40–45 �C.
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The microstructures of the mold and the etched work-

piece were characterized by atomic force microscopy

(AFM), (Nanoscope IIIa, Digital Instruments) and scanning

electron microscopy (SEM), (QUANTA-200).

3 Results and discussion

3.1 The investigation on the ‘‘confining-etching’’

system

A solution containing NaF, NaClO3 and NaNO2 as pre-

cursors to generate electrochemically etchants of HF and

HNO3 in situ was used. The NaOH was used as a scav-

enger as described above. The electrochemical and

chemical reactions during the micromachining process are

described as follows:

(1) Generation reactions of etchants (on the surface of the

mold)

ClO�3 þ H2O! ClO�4 þ 2Hþ þ e ð1Þ

NO�2 þ H2O! NO�3 þ 2Hþ þ e ð2Þ

Hþ þ F� ! HF ð3Þ

Hþ þ NO�3 ! HNO3 ð4Þ

Previously, the mechanism of reaction (1) had been studied

extensively [33, 34]. The H+ generated from reactions (1)

and (2) combines with F- and NO3
- on the surface of the

mold to form etchants HF and HNO3.

(2) Etching reactions (on the surface of the workpiece)

Tiþ 6HF! H2½TiF6� þ 2H2 ð5Þ
Alþ 4HNO3 ! AlðNO3Þ3 þ NOþ 2H2O ð6Þ

2Vþ 6HF! 2VF3 þ 3H2 ð7Þ

HNO3 is a well-known passivator for Ti, especially at high

concentrations. It can suppress the corrosion of Ti.

However, in a solution of ‘‘HNO3 + NaF’’, a systematic

experiment indicated that this solution still corrodes

Ti6Al4V rapidly until the concentration of HNO3 reaches

1 M.

(3) Destruction reaction of etchant (in solution near the

surface of the mold)

Hþ þ OH� ! H2O ð8Þ

NO2
- can also combine with H+ since HNO2 is also a weak

acid similar to HF. Therefore it is expected that a

competition between NO2
- and F- for electrogenerated

H+ may occur. In the solution, the following equilibria

exist:

HNO2 � Hþ þ NO�2

KaðHNO2Þ ¼
½Hþ�½NO�2 �
½HNO2�

¼ 5:13� 10�4

HF� Hþ þ F� KaðHFÞ ¼
½Hþ�½F��
½HF� ¼ 6:61� 10�4

where Ka is the ionization constant of the acid. According

to the above equations NO2
- has even stronger ability to

combine with H+ than F-. For example, if 1 mol L-1 of

[H+] is added to a neutral solution of 1 mol L-1 NaF, the

F- will associate with H+ to form HF, and finally

[HF] & 0.99935 mol L-1 while [H+] & 0.00065 mol L-

1. On the other hand, if 1 mol L-1 of [H+] is added to a

neutral solution of 1 mol L-1 NaNO2, the NO2
- will also

associate with H+ to form HNO2 and finally [HNO2] &
0.9995 mol L-1 and [H+] & 0.0005 mol L-1. Appar-

ently, NO2
- has a greater tendency to combine with H+. In

addition, if the concentration of the electrogenerated H+ is

sufficiently high, a decomposition reaction, H+ +

NO2
- ? HNO2 ? NO: + NO2: + H2O, may take place,

which will lead to more H+ being consumed by NO2
-.

From thermodynamic data it is possible that there exists

another etching reaction: Alþ 6HNO2 ! AlðNO2Þ3þ
3NOþ 3H2O.

Figure 1 shows the cyclic voltammetric (CV) curves of

a polycrystalline Pt electrode in different electrolytes.

Curve 1 corresponds to the electrolyte composed of 0.2 M

NaF + 0.2 M NaClO3. The oxidation peak with a current

(Ip1) of 3.71 9 10-3 A cm-2 at the peak potential (up1) of

1.53 V was observed. When the potential was higher than

1.56 V, the dissociation reaction of water ð2H2O� 4e ¼
O2 þ 4HþÞ took place, and oxygen bubbles evolved on the
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Fig. 1 Cyclic voltammograms of polycrystalline Pt electrode in

different electrolytic solution. Scan rate: 10 mV s-1. (1) 0.2 M

NaF + 0.2 M NaClO3; (2) 0.2 M NaF + 0.1 M NaNO2; (3) 0.2 M

NaF + 0.2 M NaClO3 + 0.1 M NaNO2
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electrode. In the case of curve 2 in the electrolyte of 0.2 M

NaF + 0.1 M NaNO2, an oxidation peak with a current

(Ip2) of 8.04 9 10-3 A cm-2 was observed at the peak

potential (up2) of 1.00 V. It can be shown that NO2
- has

higher anodic oxidation reaction rate than ClO3
-. However,

in the electrolyte containing two oxidable precursor of

0.2 M NaF + 0.2 M NaClO3 + 0.1 M NaNO2, as shown

in curve 3, theoretically it should have two oxidation peaks,

but its only oxidation peak up3 with a current (Ip3) of

1.05 9 10-2 A cm-2 is at 1.2 V, which is higher than up2

and less than up1. The peak is a very wide one. When the

potential moved positively to 1.6 V, oxygen bubbles also

began to evolve on the electrode. There was no second

peak in curve 3. This is likely due to interaction between

ClO3
- and NO2

- radicals on the electrode surface during

adsorbing and discharging processes, which leads to the

oxidation peaks of two precursors shifting and tending to a

narrow potential range. A synergistic effect between ClO3
-

and NO2
- for electrochemical oxidation can be observed

from the CV curves. Corresponding to the potential up3 of

curve 3, the current values on the curve 1 and curve 2 are

I1 = 1.48 9 10-4 A cm-2 and I2 = 7.52 9 10-3 A cm-2

respectively. Obviously, Ip3 is much larger than the sum of

I1 and I2. This may be caused by the catalysis of ClO3
- to

the electrooxidation of NO2
- on the electrode surface.

To understand the interaction, A algebraic summation of

curve 1 and curve 2 of Fig. 1 is calculated and shown in

Fig. 2 (here only the positive scanning segments of curve 1

and curve 2 are calculated). Curve 3 of Fig. 2 represents

the summation curve of curves 1 and 2. It has two oxida-

tion current peaks, Ip3
0 and Ip3

00, corresponding to the peak

potential values of curve 1 and curve 2 respectively. Curve

3 of Fig. 2 is very different from the curve 3 of Fig. 1

obtained by experiment. It suggests that the effect of

combining the precursors of NaClO3 and NaNO2 is not

simply through the summation of the effects of each. The

interactions between the two precursors of H+ in the

electrode processes made their behavior different from that

when they are separated.

During the etching process, some hydrogen evolved on

the titanium surface, which may influence the thickness of

etchant layer. A small amount of surfactant (hexadecyl

trimethyl ammonium chloride, 0.1 g L-1) was added to

facilitate hydrogen bubble detachment and evolution.

3.2 Electrochemical micromachining on Ti6Al4V alloy

Figure 3 illustrates a significant improvement in resolution

caused by scavenger during the micro hole machining.

Figure 3a is an SEM image of a Pt tip used as mold for

machining Ti alloy. Its apex-diameter is about 48 lm.

Figure 3b is the microstructure machined on the surface of

titanium alloy with the above Pt tip as the etchant layer was
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Fig. 2 Cyclic voltammograms of polycrystalline Pt electrode in two

electrolytic solution and their sum curve. Scan rate: 10 mV s-1. (1)

0.2M NaF + 0.2M NaClO3; (2) 0.2M NaF + 0.1M NaNO2; (3) The

sum of curve (1) and (2)

Fig. 3 (a) SEM image of a mold for etching titanium alloy—Pt tip.

Apex-diameter is about 48 lm, (b) SEM image of the microstructure

etched on the surface of titanium alloy with above Pt tip as the etchant

layer not being confined. The pit-diameter is about 131 lm. The

etching solution composed of 0.2 M NaF + 0.4 M NaClO3 + 0.6 M

NaClO4 + 0.3 M NaNO2. Machining time t = 25 min, (c) SEM

image of the microstructure etched on the surface of titanium alloy

with above Pt tip as the etchant layer being confined by scavenger

NaOH. The surface hole-diameter is about 54 lm. The etching

solution composed of 0.2 M NaF + 0.4 M NaClO3 + 0.6 M Na-

ClO4 + 0.3 M NaNO2 + 0.1 M NaOH. Machining time t = 25 min

788 J Appl Electrochem (2008) 38:785–791

123



not confined by scavenger. It is merely a pit. The pit-

diameter is about 131 lm. Figure 3c shows a micro hole

machined on the surface of titanium alloy with the Pt tip

The etchant layer was confined by NaOH scavanger. The

surface hole-diameter is about 54 lm. Obviously, the res-

olution is enhanced greatly by the scavenger.

Figure 4a shows the trapezoidal gear-like microstruc-

tures on another mold used for micromachining. Figure 4b

shows the mirror-image replica microstructures of trape-

zoidal slots fabricated on Ti6Al4V alloy with the mold.

Thirteen slots were fabricated, which is approximately the

negative copy of thirteen protruding teeth on the mold

surface. In the top left corner of Fig. 4b some reaction

product remains in the slots. This should be removed by

rinsing the workpiece completely after etching.

Figures 5a, b are the AFM images and their section

profiles of the microstructures on the mold and etched on

Ti6Al4V, respectively.

Figure 5a shows that the width of the teeth on the mold

is 2.45 lm (b1), while the corresponding feature width

etched on titanium is 3.50 lm (b2). From the difference of

the corresponding feature dimensions between the mold

and the etched pattern, the resolution of the microma-

chining can be estimated to be Db = (b2-b1)/

2 = 0.503 lm.

Finally, to obtain a higher micromachining resolution, it

is necessary to adjust the other processing parameters such

as the current density, the concentration of ClO3
- and OH-.

A current density (4–6 mA cm-2) was needed to achieve a

good surface roughness after micromachining. Too low

current density may lead to non-uniform corrosion on the

etched surface, while too high current density causes

decreased resolution. Theoretically, an increase in NaClO3

concentration enhances the ClO3
- conversion rate and

generates more H+, which leads to high etching rate. But

the experiments indicate that if the concentration of Na-

ClO3 is too high ([0.6 M in present solution composition),

it is difficult to obtain the microstructures. Too high

scavenger (NaOH) concentration also did not produce

microstructures.

Figure 5b shows that the etched titanium surface is still

rough; however, further optimization of the process

parameters or appropriate post-treatment steps such as

electropolishing [35] will improve the smoothness of the

etched surface.

4 Conclusion

The results demonstrate that the confined etchant layer

technique (CELT) has potential for machining complex

three-dimensional microstructures on Ti alloy (Ti6Al4V).

It can be used in a batch process with fewer steps compared

to multiple steps in photolithography technique. CELT has

low cost as compared with high energy beam machining.

Its micromachining resolution depends mainly on the rate

of the scavenging reaction. The electrolyte system con-

taining NaClO3, NaNO2 and NaF is suitable for the

generation of etchants of HF and HNO3 in situ. Sub-

micrometer resolution can be obtained using NaOH as an

effective scavenger. Further experiments to achieve high-

aspect-ratio complex three-dimensional microstructures for

the Ti alloy will make the fabrication of novel micro

devices possible and will extend the functionalities of

MEMS. Of course, CELT also has some limits. For

example, its machining rate is lower than that of high

energy beam machining and EMM. After a certain duration

the etching rate becomes slow and it is necessary to lift the

mold for some distance and replace it periodically to allow

ionic diffusion. In addition, contact between the mold and

the workpiece should be avoided during micromachining.

Fig. 4 (a) SEM image of the mold with trapezoidal gear-like

microstructure, (b) Trapezoidal slot microstructure fabricated on Ti

alloy surface in the solution composed of 0.2 M NaF + 0.4 M

NaClO3 + 0.6 M NaClO4 + 0.3 M NaNO2 + 0.1 M NaOH.

Machining time t = 35 min
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