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Abstract The etching of gold is a key enabling technology in

the fabrication of manymicrodevices and is widely used in the

electronic, optoelectronic and microelectromechanical sys-

tems (MEMS) industries. In this review, we examine some

of the available methods for patterning gold thin films using

dry and wet etching techniques. Dry methods which utilise

reactive ion etching (RIE) have a number of important advan-

tages over other methods, but the low volatility of gold etch

products has made the development of suitable processes

problematic. More recently, the adoption of high-density

plasma reactors with optimised chlorine-based chemistries

has allowed improved processes to be developed, and

etching in hydrogen plasmas also shows promise. Wet

etching methods for gold have also been critically

reviewed. Traditionally, iodine- and cyanide-based etch

processes have been used, but in the last decade, a num-

ber of alternative etchants have been studied. Of particular

interest is the recent development of a range of novel non-

aqueous-based gold etchants, and the suitability of these

etchants for microfabrication is assessed.

Keywords Gold . Etching . Plasma .Microfabrication .

MEMS

Introduction

Gold is an important material in the fabrication of many

microscale devices and is employed extensively in the semi-

conductor, optoelectronic and microsystem industries [1–3].

The widespread use of gold in these industries arises primarily

because of its high electrical and thermal conductivity and its

excellent corrosion resistance, solderability and bondability.

Gold surfaces can also be readily structured and chemically

functionalised so they can also be used in a variety of sensing

applications. Another advantage is that gold thin films can be

deposited using a variety of techniques including ‘dry’

methods (e.g. sputtering and evaporation) and ‘wet’ methods

such as electroplating and electroless plating. The resulting

films typically have excellent adhesion, low stress, and high

ductility and purity, making them ideal for a wide range of

applications.

In all of the above industries, gold has principally found use

as an interconnect material, as an ohmic contact to semicon-

ductor substrates and as bond pads to facilitate device pack-

aging [1–3]. For high-speed and high-power optoelectronic,

semiconductor and microsystem devices, gold is also the

preferred materials to fabricate radio-frequency (RF) wave-

guides, switches and interconnects [4–6]. Gold also provides a

useful low resistance contact to superconducting thin films

[7]. Its application in microsystem and MEMS devices is

extremely broad and encompasses, in addition to the above

examples, as microcantilevers, actuators, electrodes and also

bonding rings and pads to facilitate wafer-level packaging [8].

The patterning of gold thin films to form functional micro-

structures can be performed using various ‘additive’ and ‘sub-

tractive’ fabrication methods. Examples of the former include

‘lift-off’ techniques [9] and through-mask plating [9, 10], and

these are often the preferred methods for patterning thick gold

structures. Subtractive methods can be broadly classified as

either wet or dry etching methods [11]. In these techniques,

the metal film is covered with a lithographically patterned

mask material (Fig. 1a) and then exposed to a liquid or gas-

phase etchant. Etching is typically used to fabricate micron-

sized features, but by using high-resolution stepper or e-beam

lithography, it can be extended to the submicron domain to

produce nanoscale devices [11].
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Traditionally, thin film patterning was performed by wet

etching, but a disadvantage of this approach is that the etch

usually proceeds isotropically and the mask is undercut

(Fig. 1b). The resulting loss in feature size became a serious

issue when the dimensions of the etch features approached 3–

5 μm, and at this stage, wet etching was largely abandoned in

the semiconductor industry and replaced by dry etching

methods [11]. In contrast to the action of wet etchants, dry

etching is highly anisotropic and results in minimum undercut

(Fig. 1c). However, for etching larger structures, wet etching is

still useful and more cost effective. In addition, some metals

are difficult to dry etch, and for this reason, the wet etching of

gold, copper and platinum is still widely used.

In the following sections, dry and wet methods of pattern-

ing gold thin films for microfabrication are critically reviewed.

Dry methods are discussed first, with a particular emphasis on

reactive ion (plasma) etching. This is followed by an analysis

of wet etching techniques using various aqueous and non-

aqueous etchants.

Dry etching

The term ‘dry etching’ encompasses a wide range of gas-

phase physical and chemical processes that can be used to

remove material from a substrate or thin film [8, 11]. Exam-

ples of the former include ion beam milling and sputter

etching where material is removed by bombarding ions break-

ing surface bonds and ejecting atoms. At the other extreme are

purely chemically driven processes where an etch species

adsorbs on the surface to form a volatile product which can

then escape into the gas phase. However, from the point of

view of microfabrication, the most useful dry etching tech-

nique is reactive ion etching (RIE) [12–14]. In this process,

both physical and chemical processes operate cooperatively to

remove material, and it is suitable for etching a wide range of

metals, polymers, dielectrics and semiconductor materials.

Overview of reactive ion etching

The basic principles of reactive ion etching [12–14] are shown

schematically in Fig. 2. Initially, the substrate to be etched is

placed in a reactive plasma which contains the etchant gases.

It is also patterned with a masking material so that only certain

sections of the surface are etched. The function of the plasma

is to generate reactive species (radicals and ions) which can

assist with the removal of material. Reactive species are

transported from the gas phase to the surface where they form

volatile products which then desorb and are pumped away.

Concurrently, the plasma generates ionic species which bom-

bard the surface, breaking chemical bonds and ejecting atoms.

This process also enhances chemical etching so that a more

accurate description of the overall etch process is ion-assisted

etching rather than reactive ion etching [12, 13]. The direction

of the bombarding ions is normal to the etch surface so that

ion-assisted etching occurs mainly at the bottom of the feature

rather than on the sidewalls. This leads to an essentially

anisotropic etch profile with little undercut of the mask.

A wide range of RIE systems have been developed

[12–14], but a commonly used configuration is the inductively

coupled plasma (ICP) etcher shown in Fig. 3. In this system, a

low pressure, high-density radio-frequency (RF) plasma is

generated in the process chamber using a surrounding induc-

tive coil. The process gases are injected into the chamber by

mass flow controllers, and volatile products are removed from

the chamber via the pumping system. The chamber pressure is

usually maintained at a few millitorr. The wafer substrate is

mounted on a ‘chuck’ which is designed to keep the substrate

at a near-ambient temperature during the etch process. In the

case of etching non-volatile materials (e.g. Cu, Pt and Au), it is

advantageous to use a heated chuck tomaintain the wafer at an

elevated temperature (e.g. 100–250 °C) [14]. RF power is also

supplied separately to the substrate (‘platen’) so that the ener-

gy of the bombarding ions can be independently controlled. In

terms of controlling the etch process, the most important

parameters are the gas flow rates, chamber pressure, RF power

and temperature.

Reactive ion etching of gold

Although dry etching methods are usually the preferred means

of patterning metal films for microfabrication, there are a

Fig. 1 Examples of various etch profiles amasked substrate with feature

size, w b isotropic etch resulting in increased feature size, w′, and

undercut, u c anisotropic etch retaining the same feature width, w
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number of issues which restrict their application to gold

metallisation. For example, a key requirement of a good etch

process is that the reaction products are volatile and can be

easily removed from the surface to the gas phase [12, 13]. For

the RIE of metals, chlorine (Cl2 or BCl3) or bromine (HBr) etch

chemistries are often used because many metals such as alu-

minium and titanium form volatile halide compounds (Table 1).

During the chlorine etching of aluminium, Cl radicals generat-

ed in the plasma react to form the volatile AlCl3 species as

follows:

Cl2 ⇔ 2Cl ð1Þ

Alþ 3Cl ⇔ AuCl3 gð Þ ð2Þ

However, in the case of gold, the main reaction product,

AuCl3, has a low vapour pressure at normal etch temperatures

(Table 1) [15]. The low volatility of AuCl3 can be compen-

sated by increasing the temperature, but above ∼130 °C, the

AuCl3 species (which exists as the dimer Au2Cl6 in the vapour

phase) decomposes to Au2Cl2 and finally to non-volatile AuCl

[15]. This reaction scheme can be represented as:

Auþ 3Cl ⇔ AuCl3 sð Þ ð3Þ

2AuCl3 ⇔ Au2Cl6 gð Þ ð4Þ

Au2Cl6 gð Þ ⇔ Au2Cl2 gð Þ þ 2Cl2 ð5Þ

Au2Cl2 gð Þ ⇔ 2AuCl sð Þ ð6Þ

For this reason, the etch temperature needs to be carefully

controlled to maintain the volatility of AuCl3 while avoiding

its thermal decomposition to AuCl [16].

Another consequence of the low volatility of AuClx species

is the tendency for etched gold to redeposit elsewhere on the

substrate and in the process chamber [17, 18]. This is highly

undesirable as it leads to contamination of the wafer and

necessitates frequent chamber cleaning [18]. A related phe-

nomenon is that of low volatility etch products redepositing

on the sidewalls of the etch mask during the etch process [16,

17]. This can arise from ion-induced sputtering of the non-

volatile etch product that forms on the surface and also by

direct condensation of etch by-products. The resulting de-

posits are known as ‘fences’ or ‘veils’ and are often difficult

to remove in subsequent processing steps [17, 19]. This prob-

lem is particularly severe when a thick photoresist mask is

used as a mask. A common solution to this problem is to use a

‘hard’ mask (e.g. SiO2) which is typically much thinner and

tends to minimise the amount of redeposition [16, 19].

Initial attempts at reactive ion etching of gold films were

performed in the 1980s and 1990s using low-density plasma

Fig. 2 Illustration of

fundamental processes occurring

during reactive ion etching. The

dotted area shows a region where

non-volatile material has

deposited on the sidewall of the

mask

Fig. 3 Schematic diagram of an inductively coupled plasma (ICP) reac-

tive ion etch system
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etch systems (Table 2). A very early study was by Mogab and

Shankoff [20] who examined the RIE of gold in the context of

patterning a Ti-Pd-Au metallisation stack. Using a parallel

plate RIE tool and a CClF3 plasma, they obtained an etch rate

of 25 nm/min but observed severe problems with gold

redepositing across the wafer surface. In 1993, Ranade et al.

[21] performed a detailed investigation of the RIE of gold

films using Cl2, CF4 and CCl4. A relatively low etch rate of

3 nm/min was observed for etching in pure Cl2, but a rate of

100 nm/min was obtained in an optimised CCl4/CF4 mixture.

Gold line-widths of 3 μm where achieved with good edge

definition and minimal undercut. For the mixed gas process,

the etch selectivity for photoresist and SiO2 masks were 2:1

and 4:1, respectively.

In a later paper, Aldridge [16] used a parallel plate RIE tool

to etch Au in a Cl2 plasma using a SiO2 hard mask. In initial

experiments performed at 75 °C, gold redeposition on the

mask surface was observed due to the relative low vapour

pressure of the AuCl3 etch product. At 125 °C, the vapour

pressure was sufficiently high that redeposition was not ob-

served, but at 150 °C, gold formed on the feature sidewalls—

possibly due to the formation of AuCl. Replacing the SiO2

mask with a thick photoresist mask also resulted in gold

redeposition on the mask sidewalls. Under optimum

conditions, an etch rate of 980 nm/min was achieved, and

features as small as 0.5 μmwith etch depths of 5 μm could be

obtained with vertical sidewalls and minimal undercutting.

A more recent study of gold etching using a parallel plate

RIE tool and a CF4/Ar plasma was performed by Kang and

co-workers [22]. Using a design of experiments approach,

they were able to optimise the etch process. A maximum etch

rate of 56 nm/min was obtained, and the sidewall profile was

approximately 70°. As the expected etch by-product, AuFx,

has a very low volatility, it is likely that etching mechanism is

entirely physical, arising from argon ion sputtering of the

AuFx layer.

From the period of the late 1990s to the present, conven-

tional RIE tools were largely replaced with high-density plas-

ma equipment [12–14]. As well as inductively coupled plasma

systems, electron cyclotron resonance (ECR) etchers were

also introduced, and most recent work on gold etching has

employed either ICP or ECR tools (Table 2). These allowed

many improvements in etch performance, but the fundamental

issues associated with the available halogen-based etch chem-

istries meant that the RIE of gold continued to be problematic.

However, one advantage of the new high-density plasma

etchers was that they operated at a much lower pressure than

earlier parallel-plate RIE systems, and this tended to minimise

redeposition and associated fencing issues [23]. Figures 4 and

5 show examples of the ICP etching of gold thin films where

redeposition effects are negligible.

An early high-density plasma study by Ohtake et al. [24]

utilised an ECR reactor and a chlorine-based plasma chemis-

try to etch gold and aluminium films. The plasma discharge

was maintained from a microwave source, while separate RF

power was supplied to the platen. Initial experiments run with

a continuous source power resulted in etch rates of 150 nm/

min, but gold redeposition on the sidewalls of the mask was

noted. However, by pulsing the source power (i.e. 30μs on/off

cycles), a higher etch rate of 260 nm/min was obtained

Table 1 Vapour pressures of chlorine etch products at various tempera-

tures [12, 15]

Substance Temperature (°C)

0.01 Torr 0.1 Torr 1 Torr

AuCl3 150 185 220

AuCl 520 680 920

AlCl3 57 77 99

TiCl4 −68 −45 −16

Table 2 Summary of process conditions for the reactive ion etching of gold

RIE system Etch gases RF powera/W Pressure/mT Temp (°C) Etch mask Etch profile Etch rate (nm/min) Ref

PP CClF3 200 350 85 – – 25 [20]

PP CF4/CCl4 450 150 25 SiO2, PR – 99 [21]

PP Cl2 400 100 125 SiO2 85° 980 [16]

PP CF4/Ar 375 32 – PR 70° 56 [22]

DF Cl2/Ar – 2 – PR 75° 35 [19]

ECR Cl2 1,000/100 2 80 PR – 250 [24]

ICP Cl2/Ar 700/– 15 30 SiO2 65° 350 [25]

ICP Cl2/Ar 600/250 2 20 PR – 70 [28]

ICP H2 500/100 20 10 SiO2 – 26 [29]

PP parallel plate, DF dual frequency, ICP inductively coupled plasma, ECR electron cyclotron resonance
a For ICP systems, the power is given as coil/platen; for ECR systems, source/platen

208 Gold Bull (2014) 47:205–216



without significant redeposition. It was suggested that the

enhancement in etch performance was due to the production

of additional negative ions under pulse conditions.

In 1999, Werbaneth and co-workers [19] reported the RIE

of Au thin films using a dual-frequencymagnetically confined

etch reactor. Using a photoresist mask and HBr/Ar and Cl2/Ar

etch chemistries, it was found that gold redeposited along the

mask sidewalls forming veils or fences. However, after

optimising the Ar/Cl2 process, a maximum etch rate of

350 nm/min was obtained with negligible gold redeposition

and a 75° etch profile. The use of a thin hard mask was also

found to be effective in eliminating gold redeposition. The

corresponding HBr/Ar process gave lower etch rates and more

severe gold redeposition but produced a more vertical etch

profile due to improved sidewall passivation.

Franz et al. [17] reported the reactive ion etching of a Ti/Pt/

Au ohmic contact using a high-density plasma etcher and a

variety of etch chemistries. The top Au layer was etched using

a thin Al2O3 hard mask or a thick photoresist. Using Cl2 or

BCl3, gold etch rates of 1–4 nm/min were obtained, with Cl2
typically etching three times faster. The RIE etch profile was

free of redeposited material, whereas attempts to sputter etch

the gold layer resulted in fences forming on the resist edges.

The etching characteristics of gold films using an ICP

etcher and a Cl2/Ar-based chemistry were examined by Chang

et al. [25] in 2003. The highest etch rate of 350 nm/min was

observed at a Cl2/(Cl2+Ar) ratio of 0.20, and the selectivity to

a SiO2 mask was 4:1. The etch rate was 15 % higher than in a

pure Ar plasma, indicating that etching occurred by a combi-

nation of ion-assisted chemical reactions and physical

sputtering, with the latter being the dominate process. XPS

analysis of the etched surface showed the existence of Au-Cl

bonds, indicative of the presence of a non-volatile AuClx etch

by-products. In subsequent papers [26, 27], these results were

used to develop a mechanism and comprehensive etch model

for this system.

More recently, Aydemir and Akin [28] studied the etching

of gold using a dual-frequency ICP etcher and HBr/Ar and

Cl2/Ar chemistries. Redeposition of gold was observed on the

resist sidewalls under all etch conditions and was dependent

on the thickness (and profile) of the resist etch mask and also

the process parameters (e.g. coil and platen RF powers). Gold

redeposition was worse for the HBr/Ar plasma than for Ar/Cl2
but even in the latter case could not be eliminated entirely.

Eventually, the redeposition was eliminated by depositing a

thin titanium film on top of the photoresist mask. This is a

useful approach when traditional methods of preventing

redeposition (i.e. use of thin hard mask [16, 19]) are not

feasible.

The various issues associated with halogen etching of gold

have led to the investigations of other possible etch chemis-

tries. One promising approach is the use of a H2 plasma which

has previously also been used to etch ‘difficult’materials such

as copper and silver. In the study of Hess and co-workers [29],

the etching of gold film in an ICP reactor using a SiO2 hard

mask and H2, He and Ar plasmas was explored. Etch rates of

55 nm/min for He, 62 nm/min for Ar and 26 nm/min for H2

plasmas were reported. For Ar and He, etching occurs pre-

dominantly by a sputtering process, but the low mass of

hydrogen species indicates that observed etch rate must also

have a chemical aspect. This would presumably occur by the

formation of hydride species, but both AuH and AuH2
− are

known to have limited thermodynamic stability [29].

Wet etching

In contrast to many other metals, wet etching of gold is still an

important process in microfabrication. This has partially aris-

en because of the difficulties in patterning gold by dry etching,

but also reflects the inherent advantages of wet etching

Fig. 4 ICP etching of Au film in Cl2 plasma at 160 °C (SiO2 hard mask

has not been removed)

Fig. 5 ICP etching of 100 nmAu film in Cl2 plasma at room temperature

(photoresist mask has been removed)
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including low equipment costs, low energy usage and high

throughput [30, 31]. The isotropic nature often makes it un-

suitable for fine pattern delineation, but for many applications,

feature sizes are typically in the range of 10–100 μm and

masks can usually be biased to compensate for significant

undercut [11]. Table 3 summarises the relative advantages

and disadvantages associated with dry and wet etching. As

well as its use in device fabrication, wet etching is an impor-

tant technique in the failure analysis of microelectronic com-

ponents [32] and also in the recovery/recycling of gold from

scrap electronic products [33].

Etching solutions for gold contain two essential compo-

nents [34]. Firstly, a complexing ligand is needed as it is not

thermodynamically possible to dissolve gold without forming

stable Au(I) complexes [35, 36]. Suitable ligands for gold

etching include cyanide, chloride, iodide, bromide, thiosulfate

and thiourea. Secondly, an oxidant is needed to establish the

potential of the surface at a value where significant gold

dissolution can occur [31]. The oxidant and ligand (and their

concentrations) must be carefully chosen so that a reasonable

etch rate can be attained while avoiding the possibility of

passivating the gold surface [35, 36]. As well as these constit-

uents, the etchant may also contain other components such as

stabilisers, inhibitors, wetting agents and pH buffers [30].

Wet etching is electrochemical in nature (essentially a

controlled corrosion process), and it can be analysed in terms

of Wagner and Traud’s mixed potential theory [37]. In this

model, the oxidation (etching) and reduction reactions occur

simultaneously on the metal surface (Fig. 6). For the anodic

reaction, Au metal is oxidised to Au+ at the metal-solution

interface and then forms a complex with ligand (L−). In the

cathodic process, the oxidant is reduced at the same interface

and consumes the electrons generated by the anodic reaction.

In the absence of an externally applied potential or current, the

system will adopt an equilibrium potential where the rates of

the two reactions are equal. This potential is known as the

mixed or corrosion potential, Ecorr. The observed etch rate is

determined by the anodic current density, Icorr, that corre-

sponds to the value of the corrosion potential.

The anodic and cathodic processes can be conveniently

represented by individual polarisation curves (Figs. 7 and 8),

but the exact dependence of the current, I, on the potential, E,

will depend on various thermodynamic, mass transport and

kinetic considerations [11, 31]. Under kinetic control, the

current depends exponentially on potential, but if mass trans-

port constraints become important, a limiting current plateau

is observed. In Fig. 7, the corrosion potential occurs at a value

where both the cathodic and anodic reactions are kinetically

controlled. In Fig. 8, the anodic reaction is shown to be under

either kinetic or mass transport control, while the cathodic

reaction is under mass transport control. The overall corrosion

rate can therefore be controlled by mass transport limitations

related to the diffusion of the ligand or oxidant to the surface,

and the etch rate will be influenced by solution agitation [11].

By performing such an analysis of the current potential be-

haviour of the individual reactions, it is possible to rationalise

many aspects of the etching process.

The process of wet etching is relatively simple [30, 38, 39].

Firstly, the substrate is patterned with an etch mask. This is

typically a photoresist material patterned lithographically, but

Fig. 6 Fundamental electrochemical processes occurring during the wet

etching of gold

Fig. 7 Polarisation curves for an etching process where the anodic and

cathodic processes are both under kinetic control

210 Gold Bull (2014) 47:205–216

Table 3 Comparison of wet and dry etching methods

Dry etching Wet etching

Environment Vacuum Solution

Etch rate 0.01–0.1 μm/min 0.1–1 μm/min

Etch selectivity High High

Etch profile Anisotropic Isotropic

Etch resolution <1 μm >3 μm

Throughput Low (single substrate) High (batch)

Equipment cost High Low

Chemical usage Low High

Energy usage High Low



masks consisting of self-assembled monolayers have also

been used [40]. Unlike in dry etching, there is little erosion

of the mask during the process, and the thickness is often not

critical. Usually, the substrate(s) to be etched are immersed

directly in the etchant solution, but spray etching systems are

also common [30, 38]. The temperature and agitation of the

etchant solution must be carefully controlled as the etch rate

may depend on these parameters. For etch processes under

transport control, the degree of agitation must be constant over

the entire substrate to ensure uniform etching. This can be

difficult to achieve with immersion etching employing me-

chanical stirring, and spray etching is often better in this

regard [30]. The completion of the etch process can usually

be determined visually or by using an optical end-point sys-

tem, but for opaque solutions, timed etches are necessary.

A common concern in wet etching is minimising the extent

of undercutting. This is inevitable for an isotropic process but

will depend strongly on the prevailing etch conditions. Exces-

sive undercut is often due to the mask becoming partially

detached from the underlying film resulting in enhanced lat-

eral etching [30]. Such peeling back of the maskmay arise due

to poor adhesion of the mask to the film and/or high internal

stress [30, 38, 39]. It should be noted that the adhesion of

photoresist masks to gold is often quite poor as conventional

adhesion promoters (e.g. HMDS) are not effective for metals

which do not form a surface oxide. In the case of etching metal

films in contact with a second metal, various electrochemical

effects can also occur to increase undercutting (Galvanic

effects in Au etching section).

Considering that a very large number of gold etchants have

been developed, the discussion in the following sections is

restricted to systems that are widely used and/or have been

systematically studied. A 1985 review by Norrman and

Stripple [34] evaluated a number of gold etchants, and details

on many others can be found in a number of standard compi-

lations of etch recipes [11, 38, 39, 41–43].

Aqueous etchants

The most well-known etchant for gold is a mixture of concen-

trated hydrochloric and nitric acid, known as aqua regia [44].

The overall reaction for gold dissolution can be given as:

Auþ 4Hþ þ NO3
− þ 4Cl−→AuCl4

− þ NO gð Þ þ 2H2O ð7Þ

The potency of the etchant tends to decline with time due to

the formation of volatile products such as NOCl and Cl2.

While aqua regia is capable of dissolving gold at a very high

rate (∼10 μm/min [39, 41]), its corrosiveness toward other

materials and general instability make it impractical for use in

microfabrication. Dilution of aqua regia with water produces

a slower and more practical etchant that is compatible with

some photoresists, but etch stability is still an issue [42].

A more useful gold etchant is the alkaline cyanide system,

which is used extensively for the hydrometallurgical extrac-

tion of gold [45]. This etchant is usually formulated from

NaCN or KCN salts with O2, H2O2 or Fe(CN)6
3− as the

oxidant [34]. They are usually operated in the alkaline region

(pH>10) to avoid the formation of HCN gas. The correspond-

ing anodic and cathodic reactions in oxygen-containing solu-

tions are:

Auþ 2CN−
→Au CNð Þ2

− þ e‐ ð8Þ

O2 þ 2H2Oþ 4e−→4OH− ð9Þ

Representative polarisation curves for these two reactions

and the resulting mixed potentials are shown in Fig. 8. If the

cyanide concentration is low, then the anodic reaction is under

mass transport control and a limiting current is observed. At

higher concentrations, it is under kinetic control, and the

current increases exponentially with potential. For the reduc-

tion reaction, the concentration of dissolved O2 is also low so

that this reaction can also be under mass transport control. The

temperature dependence of the gold dissolution rate in aerated

cyanide solutions corresponds to an activation energy of 8–

20 kJ/mol [45] which is indicative of an anodic or cathodic

mass transport controlled process [46].

There are a number of reports [34, 40, 47, 48] of using

cyanide etchants to pattern thin gold films, and MacArthur

[47] has reported an etch rate of 60 nm/min in an etchant

comprising 0.4 M K3Fe(CN)6, 0.2 M KCN and 0.1 M KOH.

In some cases, the use of cyanide has been found to be

superior to iodine-iodide system in terms of surface

Fig. 8 Polarisation curves for an etching process where the anodic

reaction is under mass transport (solid line) or kinetic control (dotted

line). In the first case, the corrosion rate is determined at Ecorr1. In the

latter case, the corrosion rate is determined by Ecorr2, and the etching

process is under cathodic mass transport control
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roughness, feature definition and degree of undercutting [34,

48]. It is also compatible with the use of photoresists and self-

assembled monolayers as etch masks [40], and the transpar-

ency of the solution allows a convenient visual endpoint.

Despite these advantages, the high toxicity of cyanide and

corresponding issues with disposal have severely curtailed its

use. However, it is still commercially available, and it is often

the preferred etchant when fine pitches are required and min-

imal undercut can be tolerated [49].

The most commonly used etchant for patterning gold is

undoubtedly the iodine-iodide system [7, 32, 34, 48, 50]. This

is typically formulated from KI or NaI salts and I2 [34, 50].

The oxidant in this system is the triiodide ion (I3
−) formed by

the reaction of I2 with I−. The corresponding anodic and

cathodic reactions are:

Auþ 2I−→AuI2
− þ e− ð10Þ

I3
− þ 2e−→3I− ð11Þ

Under normal etching conditions, the anodic and cathodic

reactions are expected to be under kinetic control (Fig. 7) with

the etch rate largely independent of agitation rates [47]. The

temperature dependence of the etch rate for commercially

available iodine-iodide etchant [51] yields an activation ener-

gy of∼35 kJ/mol, indicative of a kinetically controlled process

[46].

A typical formulation of this etchant is 0.6MKI or NaI and

0.2 M I2 which gives an etch rate of 0.5–1 μm/min at room

temperature [34, 39]. This is suitable for fast etching of thick

gold films, but for thinner films, it is usually diluted further to

bring it into the range of 50–200 nm/min. This solution also

etches Al, Ni, and NiCr at an appreciable, rate and commercial

formulations often contain inhibitors (e.g. phosphate com-

pounds) to minimise the attack on these metals [52, 53]. The

etch is easy to prepare, has low toxicity and operates in a near-

neutral pH range. It also has good compatibility with positive

and negative photoresists but not with alkanethiol SAM resists

[40]. Etch performance is generally good (Fig. 9), but some

issues with non-uniformity, staining and abnormal undercut-

ting have been noted [18, 32, 34, 48, 50]. Another issue is that

the etchant is opaque which makes it difficult to judge when

the etch process is complete [42]. There is one report [54] of

gold etching in bromine-bromide solutions. It has similar etch

characteristics to the iodine-iodide system, but the greater

toxicity and high vapour pressure of bromine are obvious

disadvantages.

The environmental impact of etchants containing cyanide,

bromine and strong acids is obviously high, but the iodine-

iodide system represents fewer concerns relating to health and

safety and chemical disposal. In addition, a number of

methods [55, 56] have been developed for iodine-based etch-

ants which allow gold recovery and etch regeneration so the

sustainability of the process is good.

Another gold etchant which has been proposed is the

thiosulfate system formulated from K2S2O3 and KOH and

using K3Fe(CN)6 as an oxidant [57]. These etchants are usu-

ally operated in the alkaline region as thiosulfate ions as

unstable at pH<10 [3]. The electrochemical reactions occur-

ring at the gold surface are:

Auþ 2S2O3
2−
→Au S2O3ð Þ2

3− þ e− ð12Þ

Fe CNð Þ
6

3− þ e−→Fe CNð Þ6
4− ð13Þ

This formulation has been used to etch gold films that had

been patterned with self-assembled monolayers using

Fig. 9 Wet etching of 20-μm-wide gold feature in a standard iodine-

iodide etchant. The gold thickness is 100 nm

Fig. 10 Wet etching profiles showing a normal isotropic profile and b

abnormally undercut profile due to galvanic effects
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microcontact printing. This etchant resulted in fewer defects,

better edge definition and a higher etch rate than for cyanide-

based etchants. Etch rates are typically low (<10 nm/min), and

the solutions have limited stability. In order to address this, the

benzene thiosulfonate ligand was used in place of thiosulfate

[58]. This etchant was more stable but produced a greater

number of etch defects. All these etchants operate at a pH≈

14, which is suitable for SAMmasks but is incompatible with

positive photoresists and many substrates.

Electrochemical etching

A related technique for patterning thin metal films is electro-

chemical etching or ‘deplating’ [18, 59, 60]. In this approach,

an external current or potential is used to drive the anodic

dissolution process rather than relying on the action of

oxidising agents. The etch solution still requires a ligand to

form soluble complexes, and an underlying conductive layer

(e.g. TiW) is also necessary to supply the current. One advan-

tage of this approach is that, by careful consideration of

current distribution and mass transport effects, it is possible

to achieve a more anisotropic etch profile (i.e. reduced under-

cutting) than for conventional wet etching [61].

Hu and Ritzdorf [59] demonstrated the use of electrochem-

ical etching to remove gold seed layers following through-

mask plating—a process that is normally performed by wet

etching. An etch system similar to a conventional ‘fountain’

wafer plater was used, and this allowed the hydrodynamic

conditions, current distribution and temperature to be precise-

ly controlled. While etching in acid chloride solutions left

behind residues, the use of iodide with a sulfite stabiliser

resulted in complete removal of gold and with negligible

undercutting. Electrochemical etching of Au seed layers in

thiourea solutions has also been investigated, but due to local

variations in the etch rate, it was difficult to develop a stable

and repeatable process [18]. More recently, selective removal

of gold thin films in chloride media using electrochemical

etching has also been used to successfully fabricate RF

MEMS devices [60].

Galvanic effects in Au etching

Wet etching of gold usually results in an isotropic profile

(Fig. 10a), but in the presence of another metal, a vertical or

reentrant profile with much greater undercut is often observed

(Fig. 10b). This typically occurs when etching a gold filmwith

an underlying adhesion layer of Cr, Ti or TiW. Such effects

have been noted by a number of authors [34, 48, 50], and it is

thought to be caused by the two metals forming a galvanic

couple. Usually, it is found that the etch proceeds in a normal

isotropic manner, but just at the point where the gold disap-

pears and the under-layer is exposed to the solution, the lateral

etch rate increases rapidly [48].

This effect can be understood as follows [11, 30]. Initially,

the oxidation and reduction reactions proceed on the Au

surface exposed to the etchant. However, after the Au is fully

etched and the under-layer metal is exposed, the cathodic

process can usually be sustained on that surface (and also on

the remaining Au on the etch sidewalls), and the available area

is unchanged. In contrast, the only remaining Au surface for

the oxidation reaction to occur is on the sidewalls, and this

area will be typically much lower than the original Au area. So

while the current through the anodic element will be similar to

that which prevailed at the beginning of the etch, the current

density will be much higher. It is this area effect which is

mainly responsible for the observed acceleration in etch rate.

Such galvanic effects have been mainly observed for etch-

ing in iodine-iodide solution, but not for the cyanide systems

[34, 48]. In the latter case, the maximum current density that

can pass through the anodic element is usually controlled by

mass transport (Fig. 8). This will certainly be the case if the

cyanide concentration in solution is kept relatively low. The

use of mass transport limitations to minimise galvanic under-

cut has been exploited in many other etch systems [62]. For

the iodine-iodide system, the etch composition, nature of the

Fig. 11 Images of wet etching profiles for Au films etched in iodine

etchant under different conditions [50]. a Normal isotropic profile and b

reentrant profile due to galvanic effects. R+ denotes the photoresist mask.

Reproduced by permission of The Electrochemical Society

Fig. 12 Reaction scheme for the

dissolution of gold in THF

solutions containing the

Me2dazdt.2IBr reagent [65]
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under-layer metal and etchmode (i.e. spray versus immersion)

all influence the amount of galvanic undercut (Fig. 11), but

usually it cannot be eliminated entirely [50].

Nonaqueous etchants

Given the limitations associated with some aqueous-based gold

etchants, various attempts have been made to develop non-

aqueous alternatives. For example, Bigoli et al. [63] have

developed a range of powerful oxidising agents capable of

dissolving gold in tetrahydrofuran (THF) solutions. In an initial

study, they prepared the bis-diiodine adduct of N,N′-

d imethylpe rhydrod iazep ine -2 ,3-d i th ione l igand

(Me2dazdt.2I2). This new etchant was successfully used to

remove thin gold layers fromGaAs laser diodes for the purpose

of failure analysis [64]. In a subsequent paper by this group, the

iodine-bromine adduct of N,N′-dimethylperhydrodiazepine-

2,3-dithione was synthesised (Me2dazdt.2IBr) [65]. In this

etchant, the main reaction product is a Au(III) square planar

complex, and the overall reaction for the dissolution of gold is

shown in Fig. 12. This new oxidant etched gold at a higher rate

(∼50 nm/min) than the diiodine adduct and was comparable to

that found for aqueous iodine-iodide etchants. These non-

aqueous etchants were also found to produce a cleaner and

more uniformly etched surface.

In a 2013 study, this group described gold etching using

iodine tetraethylthiuram disulfide (Et4TDS)mixtures in acetone

[66]. Trials on Ti/Au metallised silicon wafers indicated uni-

form etching with a rate of ca. 30 nm/min. The dissolution of

gold powder in thioamide-I2 adducts has also been reported

recently [67]. The best results were obtained using iodine

adducts of 3-methyl-benzothiazole-2-thione (mbtt) in diethyl

ether solvent, but the etch rate was not determined. One

important advantage of Et4TDS and mbtt is that they are

relatively inexpensive compared to the original Me2dazdt

reagent.

Lin and co-workers [68] have recently formulated etchants

consisting of mixtures of thionyl chloride (SOCl2) and organic

solvents such as pyridine and N,N-dimethyl formamide

(DMF). Such formulations that can etch gold at moderate

rates and have been referred to as ‘organic aqua regia’. Using

a 3:1 SOCl2/pyridine mixture, gold could be etched at a rate of

50 nm/min at room temperature. Silver and palladium could

also be dissolved in the etchant, but platinum was found to be

inert. The overall etch mechanism is unclear, but for gold

dissolution, the main reaction product is AuCl4
−, and the

reaction scheme shown in Fig. 13 has been proposed.

In a related study, Räisänen et al. [69] reported the disso-

lution of thiol-functionalised gold in alcohol solutions. By

attaching 4-pyridinethiol to the gold surface, uniform dissolu-

tion was observed in both methanol and ethanol solvents. The

dissolution mechanism involves the formation of soluble

Au(I) thiolato complex and is mediated by dissolved oxygen.

These complexes have low solubility, and gold precipitation

during etching has been observed. The technique has also

been used to produce free-standing nanometre-thick Au foils,

but the etch rate is extremely slow, typically requiring a few

days to dissolve a 100-nm-thick Au film.

While all these non-aqueous etchants all have some indus-

trial potential, there are a number of issues that need to be

addressed. Firstly, the presence of certain solvents (e.g. acetone,

methanol, DMF) makes them incompatible with photoresist

materials so that if the gold needs to be patterned, only hard

masks can be used. More importantly, many of the etchants

contain hazardous solvents (e.g. pyridine, DMF), while re-

agents like SOCl2 are also potentially dangerous. In terms of

Fig. 13 Probable reaction

scheme for the dissolution of gold

in SOCl2/pyridine mixtures

(‘organic aqua regia’) [68]

Table 4 Comparison of some aqueous and non-aqueous gold etchants

Etchant [ref] KCN/O2 [34] KI/I2 [34] Me2dazdt.2IBr [65] Et4TDS/I2 [66] SOCl2/py [68]

Solvent Water Water THF Acetone Pyridine

Etch rate 0.05–1 μm/min 0.05–1 μm/min 0.03 μm/min 0.05 μm/min

Undercut Low High – – –

Mask Photoresist Photoresist Hard Hard Hard

Toxicity High Low Low Low High

Cost Medium Low High Low High

‘Cost’ is an estimate of the combined material and disposal costs
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addressing environmental and safety concerns, the iodine-

based non-aqueous etchants [66] seem to be the most appro-

priate. Issues regarding the cost of materials and environmental

disposal will also need to be considered before any of these

etchants can be adopted. Table 4 summarises the various attri-

butes of selected aqueous and non-aqueous gold etchants.

Conclusions

The etching of gold is an important technology in the fabri-

cation of many microdevices, and over the last few decades,

considerable advances in both the understanding and practical

application of this technique have been made. Dry methods

which utilise reactive ion etching have a number of important

advantages over other methods, but the low volatility of

gold etch products is a key problem. However, the intro-

duction of high-density plasma reactors with optimised

chlorine-based chemistries has allowed improved process-

es to be developed, and alternate plasma chemistries (e.g.

hydrogen) are also being explored. The use of heated

chucks to improve the volatility of gold etch products is

another possible solution, but care needs to be taken to

avoid the formation of other non-volatile products at

elevated temperatures.

Significant progress in the development of wet etchants for

gold has also been made. Traditionally, iodine- and cyanide-

based etch processes have been used, but due to toxicity of the

latter, it is only used in a few niche applications. The dominant

gold etchant is iodine-iodide, and while it is satisfactory for

most applications, it has some process issues and is particu-

larly prone to undercutting arising from galvanic effects. The

introduction of microcontact printing using self-assembled

monolayers as etch masks had also led to the development

of various new gold etches which are compatible with

these materials. The use of electrochemical etching has

also been explored, and for applications such as gold

seed layer removal, it has some advantages over con-

ventional wet etching. Finally, in the last decade there

has been considerable work on the development of

various non-aqueous etchants, and once issues relating

to chemical handling, disposal and costs have been

addressed, these etchants may become viable alternatives to

aqueous etchants.
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