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The confined etchant layer technique (CELT) has been proved an effective electrochemical

microfabricationmethod since its first publication at Faraday Discussions in 1992. Recently,

we have developed CELT as an electrochemical mechanical micromachining (ECMM)

method by replacing the cutting tool used in conventional mechanical machining with

an electrode, which can perform lathing, planing and polishing. Through the coupling

between the electrochemically induced chemical etching processes and mechanical

motion, ECMM can also obtain a regular surface in one step. Taking advantage of CELT,

machining tolerance and surface roughness can reach micro- or nano-meter scale.
Introduction

Electrochemical machining is a non-conventional machining method in which
metal materials are removed through anodic stripping or formed through
cathodic deposition.1 The metal workpiece acts as the anode while the tool acts as
the cathode, or vice versa. Since the tool is guided along the desired path close to
but without touching the workpiece, there is no tool wear. Essentially, the kinetic
rate of metal electrode processes are very fast and a high metal removal rate is
possible without thermal or mechanical stresses. Electrochemical machining can
produce high aspect ratio or complex microstructures (e.g., LIGA2–5 and EFAB6,7)
and also super-smooth surfaces (e.g., electrochemical mechanical polishing).

However, the workpieces in the above-mentioned electrochemical machining
methods must be conductive. Distinct from direct metal processes, the conned
etchant layer technique (CELT) is actually an electrochemically induced chemical
etchingmethod which is proposed by Prof. Tian in 1992.8 The principle of CELT is
described as follows:9
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1) Generating the etchant at the surface of the tool electrode:

R / O + ne (1)

Where R is the precursor of etchant and O is the etchant. Actually, the tool
electrode used in CELT is both the working electrode and the mold for micro-
fabrication. Due to the diffusion of etchant in the working solution, the shape and
thickness are difficult to control. To ensure fabrication tolerance, it is essential to
conne the diffusion distance of the etchant in the vicinity of the surface of the
tool electrode.

2) Conning the etchant layer to the micro- or nano- meter scale:

O + S / R + Y (2)

Where S is the scavenger in the working solution, which can react with O and
produce R and Y. Due to the scavenging reaction, the etchant is conned at the
surface of the tool electrode to form the so-called “conned etchant layer” (CEL).
If the concentration of scavenger is signicantly higher than the etchant
precursor, reaction (2) can be considered as a quasi-rst-order reaction. There-
fore, the thickness of CEL can be estimated theoretically through the following
equation:9

m ¼ (D/Ks)
1/2 (3)

Where m is the thickness of CEL, D is the diffusion coefficient of etchant in the
working solution and Ks is the quasi-rst-order reactive rate constant of
the scavenging reaction. If Ks were 109 s�1, the CEL would be 1 nm.10 Actually,
the thickness of CEL is tuneable experimentally and determines the fabrica-
tion tolerance.

3) Microfabrication through chemical etching:

O + M / R + P (4)

Where, M is the material of the workpiece, which can react with O and produce R
and P. When the tool electrode approaches the workpiece and the CEL contacts
the surface of workpiece, chemical etching will occur until the microfabrication
process is nished.

CELT has been proved successful in the fabrication of 3D microstructures on
metals,11,12 metal alloys13 and semiconductors.10,14–17 In general, a molded tool
electrode with certain complementary microstructure is used. The mold material
can be a Pt–Ir alloy, silicon or PMMA and so on.10–20 A thin layer of titanium and
then a layer of platinum are deposited on the surface of silicon or PMMA layer
throughmagnetron sputtering tomake themold conductive and stable enough as
an electrode. For the metal and metal alloy workpieces, protons are generated as
the etchant while sodium hydroxide is used as the scavenger. 3D microstructures
have been fabricated on copper,11,21 nickel,11,22 aluminum,12 titanium,23 nitimol,13

Ti6Al4V
23 and Mg alloys.24 For semiconductor workpieces such as silicon and

GaAs, the most commonly used etchant is bromine while L-cystine as the scav-
enger. Recently, we developed CELT as a polishing method to produce super-
smooth surface.25
190 | Faraday Discuss., 2013, 164, 189–197 This journal is ª The Royal Society of Chemistry 2013
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Here we present our recent progress, termed electrochemical mechanical
machining (ECMM), in which CELT combines well with the motion modes of
conventional mechanical machining. The mechanical cutter is replaced by a tool
electrode used in CELT. Thus, mechanical machining operations such as lathing,
planing and polishing can be performed by electrochemistry. On one hand, the
machining precision is improved by employing the chemical principle of CELT.
On the other, the mechanical motions enhance the mass transport and balance of
the CELT system. Consequently, the machining efficiency is improved.
Experimental
Chemicals and materials

All chemicals (NaBr, H2SO4 and L-cystine) were analytical grade or better and
provided by Sinopharm Co., China. GaAs wafer was provided by China Crystal
Technologies Co. Ltd, China. All aqueous solutions were prepared with deionized
water (18.2 MU, Milli-Q, Millipore Co.). Both the cylinder and the linear platinum
cutters are prepared through precisionmachining by our multidisciplinary group.
The surface roughness of the cutters is lower than 12 nm and sufficient to be
employed as the tool electrode for ECMM.
Instrument

The lab-made ECMM equipment has been described elsewhere previously.26,27 As
shown in Fig. 1, the equipment is composed of four parts: a mechanical motion
system, an electrochemical system, a monitoring system and an information-
processing computer. In the mechanical motion system, a macro–micro dual
driven positioning stage (stepper Z1 and piezo motor Z2) moves the tool electrode
accurately in the vertical direction. The workpiece is xed on the working stage,
Fig. 1 The schematic diagram of the electrochemical machining instrument, which is composed of
a mechanical motion system, an electrochemical system, a monitoring system and an information-
processing computer.

This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 164, 189–197 | 191
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which is combined by stepper X, stepper Y and an air-bearing rotary stage (ABRS-
150MP-M-X50, Aerotech. Inc., USA). The relative motion between the tool elec-
trode and the workpiece can be programmed in advance. Thus, with the
mechanical motion system, almost all mechanical machining processes can be
realized. A CHI760 electrochemical workstation (CHI Instrument Co., USA) is
used to perform the conned etching processes, including controlling the
potential of the tool electrode and detecting the current feedback of the CELT
system. The monitoring system includes a force-displacement sensing module
and CCD video monitor, which is employed to align the tool electrode with the
workpiece, and to control the distance between the tool electrode and the work-
piece.26 Before machining, the working stage is levelled through a SECM current
feedback mode as reported previously.27 Then, the tool electrode is moved to the
workpiece by the macro–micro dual driven positioning stage Z with the aid of the
CCD video monitor. When the tool electrode touches the workpiece, the force
feedback of the force-displacement sensing module changes abruptly, which
indicating the zero point of ECMM. Aer that, the tool electrode is withdrawn for
a certain distance, which depends on the expected machining precision. During
ECMM, the tool electrode keeps still while the workpiece moves in parallel,
vertical or combined manner.
Results and discussion

In the experiments, GaAs wafer was adopted as the workpiece. Considering the
mass balance of the ECMM processes, the chemical reactions based on the CELT
principle can be formulated as followed:28

16Br� / 8Br2 + 16e (5)

5Br2 + RSSR + 6H2O / 2RSO3H + 10Br� + 10H+ (6)

3Br2 + GaAs + 3H2O / 6Br� + AsO3
3� + Ga3+ + 6H+ (7)

Bromide (Br�) is used as the precursor to generate the etchant bromine (Br2)
through the electrochemical reaction on the Pt tool electrode. The applied
potential is 1.0 V vs. SCE. L-Cystine (RSSR) is employed as the scavenger which can
react with Br2. Through the subsequent homogenous chemical reaction, a CEL is
formed on the surface of tool electrode. When the CEL contacts the GaAs work-
piece, an heterogeneous etching reaction occurs. Actually, the precision is
determined by the reaction properties of the chemical etching system but also the
concentration ratio of Br� over RSSR. The conned etching effect of this system is
well investigated before and will not be discussed here.11,16,28

The rst machining process of ECMM is lathing. The tool electrode (or,
machining cutter) used in the experiment is a cylindrical Pt electrode with a
diameter of 300 mm. As shown in Fig. 2a, a linear pattern on the GaAs workpiece
was produced through ECMM. Fig. 2b shows the lateral prole of the obtained
pattern. The average width of the grooves is 322.3 mm and the resulting
machining tolerance is about 22.3 mm, which shows the good conning effect of
CELT. Beside the parallel motion, the workpiece can also rotate. Fig. 3 gives
another lathing example in the case of a rotating workpiece, in which a group of
192 | Faraday Discuss., 2013, 164, 189–197 This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 (a) Optical image of the lathing pattern; (b) profilometric result of lathing pattern in the lateral
direction. The working electrolyte solution is an aqueous solution containing 0.3 M NaBr + 0.1 M
L-cystine + 2 M H2SO4. The distance between the Pt tool electrode and the GaAs workpiece is 25 mm. The
moving speed of Pt tool electrode is 60 mm s�1.

Fig. 3 Optical image of the lathing pattern on a rotating GaAs workpiece. The rotating speed is
2.09 rad min�1; the distance between the GaAs workpiece and the Pt cutting tool electrode is 25 mm.
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concentric circles were made through an electrochemical “cutting” process. It
should be noted that the product of both the scavenging reaction (6) and the
chemical etching traction (7) is bromide, which forms a recycling of Br�/Br2 in the
narrow space between the tool electrode and the GaAs workpiece. Furthermore,
the relative motion between the tool electrode and the GaAs workpiece enhances
the mass transport and the balance of the reactant of the CELT system. Thus, the
ECMM efficiency and quality can be promoted by optimizing the technical
parameters.

ECMM can also be employed to perform planing and polishing processes.
Fig. 4 shows the planing effect when the workpiece is moving laterally under a Pt
cutting tool electrode with a linear blade shape. The linear platinum blade is
5 mm long, 0.5 mm high and 0.5 mm wide. The moving distance of the Pt cutting
This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 164, 189–197 | 193
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Fig. 4 (a) Optical image of the planing area on a GaAs workpiece; (b) profilometric results of the
planing area in the X (Curve 1) and Y (Curve 2) directions. The working electrolyte solution is an aqueous
solution containing 0.1 M NaBr + 0.1 M L-cystine + 2 M H2SO4. The distance between the Pt tool elec-
trode and the GaAs workpiece is 25 mm. The moving speed of the Pt tool electrode is 60 mm s�1.
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tool electrode is 10 mm. The planing depth is about 16.23 mm while the surface
roughness of the planing area is 23.01 nm. From these technological parameters
it can be concluded that CELT has a competitive potential to be a planing and
polishing method for large-scale supersmooth surface machining.

In general, conventional mechanical machining is a point-by-point cutting
operation. However, ECMM provides a possibility to work in a more intensied
way. This means that an irregular surface can be formed in one step, resulting in a
higher machining efficiency. Fig. 5a shows a case where the GaAs workpiece
rotates under a platinum tool electrode with a linear blade shape. The etching
depth is bigger in the central area but smaller in the outer area due to the
difference of radial-linear velocity. An edge effect can also be observed. This
irregular surface is formed through the coupling effect of the CELT etching
system and the mechanical motion.

If the chemical etching system of CELT is in steady-state during the ECMM
process, as in the case of Fig. 5, a simplied relationship can be derived based on
Faraday's law and the mass balance of the CELT system:

ðl
0

y
r$h$2p$RdR

M
¼

ðl
0

h
i$a$dR$t

nF
(8)

Where v is the stoichiometric ratio of the etching reaction (7), r the density of
GaAs, h the etching depth, R the radical distance from the central point, M the
molecular weight of GaAs, h the current efficiency, a the width of the tool
194 | Faraday Discuss., 2013, 164, 189–197 This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 (a) Optical image of an irregular surface obtained on a GaAs workpiece through the coupling
effect of the CELT etching system and the mechanical motion; the rotating speed is 2.09 rad min�1 and
the distance between the Pt tool electrode and the GaAs workpiece is 10 mm; (b) profilometric results
of the irregular surface; (c) a preliminary 3D simulation image of the obtained irregular surface; (d)
simulation result of the lateral profile of the irregular surface.
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electrode and t the etching time. From eqn (8), the following relationship between
etching depth and radical distance can be derived:

h ¼ hiatM

yrpnF
$
1

R
(9)

The preliminary simulation results are shown in Fig. 5c and 5d, which indi-
cates the etching depth is in proportion to 1/R.

The above examples show the capacity of ECCM to perform large-scale
machining with micro- or nano-precision. The last case will show how low in
dimensions ECMM can reach. As shown in Fig. 6, the gap between the two grooves
(width: 200 mm) is decreased deliberately down to about 10 mm. Then, silver is
Fig. 6 The I–V behaviours of the diodes fabricated by ECMMwith different gaps: Curve 1 (500 mm) and
Curve 2 (10 mm). The insert is the optic microscopic image of the diode with a gap of 10 mm.

This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 164, 189–197 | 195
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electrolessly deposited into the grooves to construct a diode. Curve 2 shows the
I–V behaviour of this micro-diode. The threshold potential region is doubled that
of the comparative macro-diode with a GaAs gap of 500 mm. However, the results
seem to show that it might be possible to make simple structures with a size of a
micrometer or even nanometers. At present, the fabrication of complex or
continuous 3D nanostructures by ECMM remains a challenge.

Since CELT is an in situ electrochemically-induced chemical etching process,
ECMM can work on conductive, semiconductive and even insulating materials. It
can also work on exible, fragile or ssile materials, even materials harder than
the tool. This depends on whether the etching reaction can occur or not, and how
fast the etching reaction occurs. Since the tool electrode doesn't contact directly
with the workpiece, there is no tool wear and no residual stress the on workpiece.
Once the coupling between the chemical process and mechanical motion is
optimized, ECMM is highly efficient for both regular and irregular surface
machining. In brief, ECMM is a prospective multi-scale machining method with
micro & nano precision.

Conclusions

The conned etchant layer technique (CELT) has been developed as a large-scale
electrochemical mechanical micromachining (ECMM)method withmicro & nano
precision. Through the coupling of conned chemical etching and mechanical
motion, ECCM can perform conventional lathing, planing and polishing in an
electrochemical way. Compared with traditional mechanical machining, ECMM
is free of tool-wear, thermal and mechanical stresses due to its conned chemical
etching characteristics. Thus, ECMM has prospective applications in micro and
nano manufacture.
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