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Recent advances  in the development of 
electrochemical metal-removal processes  for 
microfabrication are reviewed in this paper. 
After a brief  description of the process,  several 
important parameters are identified that 
determine the material-removal rate, shape 
control,  surface  finishing,  and  uniformity.  The 
influence of surface  film properties, mass 
transport, and  current  distribution on 
microfabrication performance are discussed. 
Several  examples of microelectronic 
component fabrication are presented.  These 
examples  demonstrate the challenges  and 
opportunities  offered by electrochemical metal 
removal  in  microfabrication. 

Introduction 
Material-removal  techniques  are  among  the key processing 
technologies  that  are used in the  fabrication of 
microelectronic  components [l]. These  methods  are 
popularly known as etching  techniques. Dry vacuum 
processes  for thin-film etching are based on plasma- 
assisted  processes and  include ion etching, plasma etching, 
and  reactive  ion  etching [l]. Ion  etching is a physical 
process, whereas plasma  etching involves a chemical 
reaction.  Reactive ion etching is a  combination of both 
physical and chemical  effects contributing to material 
removal. In ion  etching,  ions  are  extracted  from  a  gaseous 
plasma and  accelerated to the  substrate,  where  the  surface 
is eroded by momentum  transfer. Plasma etching employs 
a glow discharge to generate active species such  as atoms 
or  free radicals. The active species diffuse to  the  substrate, 

where they react with the  surface to produce volatile 
products.  Addition of reactive  gases to  the  ion  source 
(reactive ion etching)  enhances  the physical etch  rate  and 
introduces chemical etching as well. These processes are 
particularly employed in the  semiconductor industry for 
ultralarge-scale  integration (ULSI) because of their ability 
to remove  material with precision.  However, some of the 
disadvantages  that  are  inherent in  dry-etching techniques 
include high equipment cost, lack of selectivity, and 
problems arising from  redeposition on the  sample  and 
deposition on the vacuum chamber. Dry-etching 
techniques  are used for precision etching of thin films 
involving very small amounts of material removal.  Lately, 
concern has  intensified about  the safety, environmental 
impact,  and disposal of the toxic gases  used in plasma- 
assisted dry etching. 

Wet chemical etching involves removal of unwanted 
material by the  exposure of the  workpiece  to an etchant. 
The exposed material is oxidized by the reactivity of the 
etchant  to yield reaction  products  that  are  transported 
from  the  surface by the  medium. Chemical etching 
converts a solid insoluble  material  to  a soluble form by 
dissolving the  extended  lattice of metal  atoms so that 
these  atoms  can  enter  the  solution as  soluble compounds. 
This is accompanied by removal of electrons  from  the 
metal  (oxidation).  These  electrons  are  accepted by the 
etchant, which acts as an oxidizing agent in chemical 
etching.  The  metal-removal  reaction typically involves 
several sequential  steps,  the dissolution  kinetics  being 
controlled  either by the chemical  reactivity of the  species 
involved (activation-controlled)  or by the  speed  at which 
the  reaction  product is removed  from  the  surface  and  the 
fresh  reactant is supplied to the  surface (diffusion- or 
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I Through-slots micromachined in a 50-pm-thick stainless steel sheet 
S using a 5-M sodium nitrate electrolyte jet.  The nozzle diameter is 1 200 pm [7]. 

mass-transport-controlled). Temperature  variations  also 
profoundly  influence the kinetics of metal-removal 
reaction. 

Wet chemical etching  baths  contain chemicals that  are 
generally  aggressive and toxic [2], thus posing  safety and 
disposal problems.  In many wct-etching  manufacturing 
processes, waste  treatment  and disposal  costs often 
surpass  actual  etching processing  costs. The  ever- 
increasing cost of incineration  and  the  imposition of 
landfilling restrictions  are  the main reasons  behind  the 
need  for  developing  alternative processes. 

Electrochemical  metal removal is an  alternative wet- 
etching  process  where  the  workpiece is made  an  anode in 
an  electrolytic cell in which a salt solution is used  as 
an  electrolyte  and  controlled  metal removal takes  place by 
application of an  external  current. Several nonconventional 
machining  processes  such  as electrochemical machining 
(ECM)  and  electropolishing  are  based on the  principle of 
electrochemical  metal removal 13, 41. The  ECM  process 
has  been used predominantly in the  production of turbine 
engine  parts  and  for  other  aerospace  applications,  but 
applications of ECM  also exist in the  production  of 
automotive  components, medical implants,  appliance  parts, 
artillery projectiles, gun-barrel rifling, etc. because of its 
ability to  machine complex features  and  complicated 
contours  without machining marks,  burrs,  or  surface 
stresses.  ECM is used to  perform machining operations 
analogous  to broaching, turning,  and  die sinking,  while 
static machining with a  stationary tool is used to  deburr, 
polish, and/or  radius  components.  The  rapid  metal- 
removal rate  along with the  advantage of nonconsumed 
tooling  makes it an  attractive  process  for  metal  shaping 
and finishing.  However, electrochemical  metal removal has 
received little  attention so far in the  microelectronics 
industry. Recent investigations of the  development of 
advanced electrochemical  metal-removal  processes 
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used in the removal and  patterning of conducting films 
that  are of interest in the  electronics industry 15, 61. 

Electrochemical  micromachining (EMM) 
Application of ECM in the processing of thin films and 
in the  fabrication of microstructures is referred  to as 
electrochemical  micromachining  (EMM).  Compared  to 
predominantly used chemical etching,  the  EMM  process 
offers  better  control  and flexibility, requires very little 
monitoring  and  control,  and  has minimum  safety and 
environmental  concerns [5 ,  61. A variety of metals  and 
alloys can  be  machined by EMM.  EMM is now receiving 
considerable  attention in the  electronics  and  other high- 
technology industries, particularly as an  alternate, “greener” 
method of processing metallic  parts 15, 61. 

Most of the thin films of metals  and alloys, including 
conducting  ceramics  and highly corrosion-resistant alloys, 
that  are of interest in the  microelectronics industry can  be 
anodically dissolved in neutral salt electrolytes such  as 
sodium nitrate,  sulfate,  or  chloride.  In  these electrolytes, 
the dissolved metal  ions  form hydroxide precipitates which 
remain in suspended  form in solution  and can be easily 
filtered,  thus significantly minimizing problems of safety 
and  waste disposal. Hydrogen  evolution is generally the 
main cathodic  reaction.  The  cathode,  therefore,  remains 
unaltered.  Accumulation of reaction  products in solution 
and  depletion of bath  components  are of little  concern in 
EMM,  thus making it a  simpler  and  more  environmentally 
friendly manufacturing process. 

Microfabrication by EMM may involve maskless or 
through-mask  material removal.  Thin-film patterning by 
maskless EMM requires highly localized material removal 
induced by the  impingement of a fine electrolytic jet [5 ,  71. 
Investigation of jet  and  laser-jet  EMM  demonstrated  that 
neutral salt solutions  can  be effectively used for high- 
speed  micromachining of many metals  and alloys. An 
example of such an investigation is shown in Figure 1, 
which demonstrates  the feasibility of employing an 
electrolytic  jet  for  generating  complicated  patterns in 
metallic foils and  substrates.  Other examples of maskless 
EMM  include microfinishing of components  and removal 
of unwanted layers of thin films by electromilling [SI. 

EMM in conjunction with a  photoresist mask is of 
considerable  interest in microelectronic  fabrication. 
Through-mask  EMM involves selective metal dissolution 
from  unprotected  areas of a  one-  or two-sided photoresist- 
patterned  workpiece.  Through-mask  metal removal by wet 
etching is accompanied by undercutting of the  photoresist 
and is generally isotropic in nature.  In  isotropic  etching, 
the  material is removed both vertically and  laterally  at  the 
same  rate.  This is particularly the  case in  chemical 
etching,  where  the  etch  boundary usually recedes  at  a 45” 
angle relative  to  the  surface [2]. In  EMM, however, the 
metal-removal  rate in the  lateral  direction may be 
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significantly reduced  through  proper  consideration of mass 
transport  and  current  distribution [5]. Etch  factor is 
defined  as the  ratio of the  amount of straight-through  etch 
to the  amount of undercut [6]. For  applications  requiring 
high aspect  ratio, minimized undercutting of the 
photoresist  and  a high value of etch  factor  are  desirable. 

EMM performance criteria 
The  metal-removal  rate,  microfeature profile, surface 
finish, and uniformity of metal removal are  some of the 
performance  criteria  that  determine  the technical 
feasibility of a metal-removal  process. In EMM,  these 
criteria  are  dependent on the ability of the system to 
provide  desired  mass-transport  rates,  current  distribution, 
and  surface film properties  at the active surface (Figure 2). 
An understanding of the  metal-electrolyte  interaction 
under  high-rate  anodic  dissolution  conditions is a 
prerequisite  for optimizing process  pararnetcrs such  as 
electrolyte  composition  and  voltageicurrent.  The 
development of precision tools  requires  an  understanding 
of the influence of hydrodynamics, current  distribution, 
and  process  parameters on the  EMM  performance. A 
precision tool should provide conditions of desired  current 
distribution  and a high rate of uniform mass transport  at 
the dissolving surface [5]. 

In  through-mask processes, additional issues related to 
lithography processing are critical to achieving desired 
performance.  Production of the  master  artwork,  surface 
preparation,  choice of proper  photoresist,  and imaging are 
extremely important in the successful implementation of 
an etching process.  Since parts  produced by this process 
are  a  direct reflection of the  master  artwork, it is essential 
that all aspects of preparing  the  artwork  are  understood. 
These  include a priori knowledge of the  metal-removal 
rate  and  etch  factor. Imaging is another  important  step, 
the objective of which is to reproduce  the  artwork  features 
as closely as possible onto  the workpiece. The imaging 
process capability is measured by its resolution. In EMM, 
careful design of the walls and height of the  photoresist 
provide opportunities  to  alter  current  distribution  that 
reduce  the  photoresist  undercutting.  The conductivity of 
the  substrate  material is also important in influencing the 
current  distribution of a dissolving thin film. 

The  material-removal  rate in EMM  depends on the 
specific electrochemical behavior of the  metalielectrolyte 
system and is determined by the  applied  current density 
according to the  Faraday law [9]. The  material-removal 
rate r, in cmis, is given by 

where I is the  current in amperes, M is the  molecular 
weight of the dissolved material in pimole, n is the 
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apparent  dissolution valence, F is the  Faraday  constant, 
A is the  surface  area in cm2,  and p is density in gicm'. 
The value of n can  be  determined  from weight-loss 
measurements using Equation (2), 

where t is the  dissolution  time in seconds  and AW is the 
anodic weight loss in grams. 

velocities and high current efficiency for  metal  dissolution, 
extremely high metal-removal  rates can be  obtained. 
A knowledge of the  dependence of n on the  applied 
voltage/current density is essential in order  to  determine 
the  operating  conditions such that slight variations in 
voltageicurrent  are  not  associated with changes in the 
dissolution valence. The  literature  data  on  experimentally 
determined  dissolution  valence  for  different 
metal-electrolyte systems under active and transpassive 
conditions  are  summarized in Reference [9]. 

With proper  considerations of high electrolyte-flow 

Mass-transport effects 
Mass transport  processes have profound influence on the 
EMM  performance.  These  processes  determine  the 
maximum rate of an  electrodissolution  reaction,  thus 
giving rise to a so-called limiting current; mass-transport- 
controlled  anodic  reactions affect the morphology of 
dissolved surfaces; and finally, mass-transport  processes 
influence the macroscopic and microscopic current 
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: Anodic polarization behavior of Cu and CuBe (a) and dissolution 
valence as a function of anode potential for Cu (b) (see Footnote 
2). Experiments  were  performed  with  rotating-disk  electrodes 
(RDEs) at 400 rpm in a 3-M sodium nitrate electrolyte. The anode 
potential is reported vs. a mercury sulfate electrode  (MSE). 

distribution  on  the  workpiece.  An  understanding of mass- 
transport effects is, therefore,  a  prerequisite  for  the 
development of EMM processes. In  the following, a 
simple description of mass transport in an  anodic 
dissolution process is described. 

to  an  increase in the  rate of metal  ion  production  at  the 
anode. When the  metal ion  Concentration at  the  surface 
exceeds the  saturation limit, precipitation of a  thin salt 
film occurs. The  anodic  polarization curve under  these 
conditions exhibits a limiting current  plateau.  The limiting 
current  increases with increasing electrolyte flow  in a 
channel cell or with increasing rotation  speed in an RDE 
system. The limiting current density is, therefore, 
controlled by convective  mass transport [5]. 

For  an  anodic  reaction  that is controlled by convective 
mass transport,  the  anodic limiting current density, i , ,  is 
given by 

In an EMM process,  an increase in current density  leads 

where D is the effective  diffusion  coefficient that  takes 
into  account  the  contributions  from  transport by migration 
[lo, 111, C,,, is the  surface  concentration,  and 6 is the 
diffusion-layer  thickness. 

used to  obtain  a simplified description of mass-transport 
The  Nernst diffusion-layer concept has frequently  been 
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stagnant diffusion layer of thickness 6 is thus  assumed 
to exist at  the  anode. Inside the diffusion  layer, a 
concentration  gradient exists, and  the  transport occurs 
exclusively by diffusion. Outside  the diffusion  layer, 
transport  occurs by convection, and  the  electrolyte 
concentration is assumed to be constant.  The  thickness 
of the  anodic diffusion  layer depends  on hydrodynamic 
conditions  and is given by 

where L is a characteristic length and Sh is the  Sherwood 
number  that  represents  the  nondimensional  mass-transport 
rate.  The  Sherwood  number can  also be  regarded as the 
normalized or  nondimensionalized diffusion layer 
thickness. An exhaustive list of derived expressions 
describing Sh = f ( R e ,  Sc) '  are available in the  literature 
for  various flow situations  and  geometries [12]. 

The  process of EMM involves dissolution from  a cavity 
formed by localized dissolution.  The effect of fluid flow on 

I Re represents the Reynolds numhcr, and  .% t l x  Schmldt numhcr.  
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the  convective  mass  transport in a cavity is expressed by 
the  Peclet  number, Pe,  which is defined  as  follows: 

UL 

D 
P e = - ,  (5) 

where 7) is the flow velocity  and  the  characteristic  length L 
is the  width of the  cavity.  The  influence of the  Peclet 
number  on  thc  average  mass-transfer  rate in a cavity has 
been  correlated  on  the  basis of experimentally  measured 
averagc  mass-transfer  coefficients  during  ctching of 
pattcrned Cu samples [13]. The following  empirical 
correlation  was  obtained: 

S/Z,,\ = 0.3(L/H)""?Pe"", (6) 

where H is the cavity depth.  Equation (6) has  been  found 
to be in agreement  with  thc  average  mass-transfer  rates 
calculated by solving  the  equations  for  Stokes flow by the 
finite-element  method  and by a  combination of the 
boundary  integral  method  and  Lighthill  boundary-layer 
analysis [ 131. 

Surface films and their role 
Anodic  dissolution of copper  and  molybdenum  in  sodium 
nitrate  electrolyte is taken  as  two  different  systems  to 
demonstrate  the  importance of surface films in E".' 
The  experimental  data  were  obtained  with  rotating-disk 
electrodes  using  potentiodynamic  and  potentiostatic 
techniques.  Anodic  weight-loss  experiments  were 
performed  to  determine  the  dissolution  valence  using 
Faraday's law [Equation (l)]. Figure 3 shows  the  anodic 
polarization  curves  for Cu and  an  alloy of Cu containing 
2% Be. The  steady-state  potentiostatic  data  were  obtained 
from  current  transients  at  different  potentials  given  in 
Figure 4. Qualitatively  similar  anodic  polarization  behavior 
is obtained by both  potentiostatic  and  potentiodynamic 
techniques.  At  potentials  up  to  about 3.5 V (vs. mercury 
sulfate  electrode,  MSE),  active  dissolution of copper  leads 
to  a  sharp  increase  in  current  with  increasing  potential. 
Beyond  this  potential,  a  current  plateau is observed. 
At high  potentials,  the  current  once  again  increases, 
rather slowly, with  increasing  anode  potential  leading  to 
transpassive  dissolution [9]. Note  that  except  for  a  slightly 
better-defined  limiting  current,  the  anodic  polarization 
behavior is not  changed by the  presence of a  small  amount 
of Be in copper.  At low potentials,  where  current  increases 
sharply  with  increasing  potential,  thc  current  transients 
show  a  slow  increasc in current  before  reaching  a  steady 
value.  At  high  potentials,  the  anodic  current  shoots  to very 
high  values,  then  drops  sharply,  indicating  the  formation 
of salt films at  the  surface.  The  current  transients 
cventually  reach  a  steady-state  value.  In  the  transpassive 
potential  region,  metal  dissolution  takes  place  through  a 
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stable salt film at  the  surface.  The  presence of such 
films on  the  dissolving  surface is a key to  obtaining 
microsmooth  surface  and  uniformity of feature  profile 
in microfabrication. Also included  in  Figure 3 are  the 
dissolution  valence  data  obtained  from  anodic  weight-loss 
measurements.  In  the  active  region,  a  constant  dissolution 
valence of 2 is obtained.  The  value slowly drops  with 
incrcasing  potential,  reaching  a  constant  value of 1.5 in 
thc  transpassive  potential  region.  Under  these  conditions, 
copper  dissolution  leads  to  simultaneous  production of 
cuprous  and  cupric  ions [14]. 

Anodic  polarization o f  molybdenum in a  sodium  nitrate 
electrolyte  at  neutral pH led  to  a  linear  increase  in  anodic 
current  with  increasing  potential,  the  current-potential 
curves  being  independent of electrode  rotation  speed. 
In  an  alkaline  solution,  on  the  other  hand,  the 
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current-potential curve  exhibited a  mass-transport- 
controlled limiting current, as shown in Figure 5(a). Thc 
time-dependent  polarization curves  shown in Figure 5(b) 
were  derived  from  potentiostatic  current  transients, which 
showed a gradual  decrease in current,  particularly  at high 
potentials (Figure 6).  It is interesting  to  note  that  the 
dissolution  stoichiometry  during  anodic  dissolution of 
molybdenum remained  constant in its  hexavalent state 
independent of anode  potential [Figure 5(c)]. All of 
the above data  indicate  that  anodic  dissolution of 
molybdenum takes  place in the  presence of surface films 
that grow in  thickness. A  scanning-electron-microscopic 
(SEM)  photograph of a molybdenum surface dissolved in 
an  alkaline  sodium  nitrate  solution in the  transpassive 
potential  region is shown  in Figure 7. Thick  surface films 
were observed which adhered  to  the  surface  during 
molybdenum dissolution.  These  surface films flaked 
out  on drying and  required impinging water  jets  for 
their removal. The  anode  surfaces  underneath were 
electropolished.  Formation of such  thick films on  the 
dissolving surface  induces  nonuniformities  during 
microfabrication by EMM.  A  detailed investigation has 
been  undertaken  to minimize the film growth on 
molybdenum  while maintaining  a  stable salt film at  the 
surface [15]. 

surface morphology and  the  rate of dissolution  during 
ECM  and  electropolishing [9, 10, 15, 161. Different  studies 

The  formation of salt films on  the  anode influences the 
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different  surface  morphologies  result  from  dissolution 
(Figure 8). At  current  densities lower than  the limiting 
current density, surface  etching is observed which, 
depending  on  the  metal-electrolyte  combination, reveals 
crystallographic  steps  and  etch pits, preferred grain- 
boundary  attack,  or finely dispersed  microstructure. 
Anodic  dissolution  under  these  conditions  leads  to 
extremely rough  surfaces.  On  the  other  hand,  formation 
of salt films at limiting or  higher  current  densities 
suppresses  the influence of crystallographic  orientation 
and  surface  defects  on  the  dissolution process, leading 
to microfinishing. The  presence of salt films has also 
been  found to have a significant effect  on  the  current 
distribution  during  EMM of photoresist-masked  anodes 
[ l l ,  15, 17, 181. 

Current  distribution  and  shape  evolution 
modeling 
Application of through-mask  EMM in microfabrication 
requires  an  understanding of some of the complexities 
and  challenges  associated with the process. The most 
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,: performed in a flow channel cell at  an electrolyte flow velocity of 1000 cm/s [lo, 161. Part (a), nickel dissolved in 5 M NaCl  at 5 A/crn2; Part 
(b), iron dissolved in 5 M NaCl  at 5 A/cm2; Part (c), nickel dissolved in 5 M NaNO, at 25 A/cm2; Part (d), nickel dissolved in 5 M NaNO, at 
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important of these is the  elimination of loss of electrical 
contact in the  case of one-sided EMM. Other  challenges 
include  the ability of EMM to provide  uniformity of metal 
removal on the  sample scale and on the  feature  scale, 
straight  and  smooth walls, and minimized undercutting for 
fine features.  These  factors  are  governed primarily by 
current  distribution  and  mass-transport  conditions on the 
dissolving sample. 

investigated in our  laboratory [19-211. Experimental 
results  and  mathematical modeling of shape  evolution 
during  different  stages of EMM have  provided some 
insight into  the  problems of island formation  and loss of 
electrical  contact  described above. The influence on shape 

Some of the issues mentioned above have recently been 

evolution of the  photoresist thickness,  initial opening,  and 
the thickness of metal film undergoing EMM has been 
determined by numerical calculation of current 
distribution on the cavity features.  The  shape evolution 
depends on photoresist thickness, feature  opening,  and  the 
metal-film  thickness [19-211. At  the initial stage of EMM, 
the  current is concentrated  more  at  the  edges  than in the 
middle. As EMM proceeds,  the  current  concentration 
shifts  gradually from  the  edges to the middle of the 
feature.  The  latter  condition is desirable, since  this 
ensures  complete removal of the  material  from  the  center. 
For  a given photoresist  and metal-film thickness, the shift 
in the  current  concentration is dependent on the initial 
feature  dimension  that is exposed to  the  current, as  shown 661 
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1 Mathematically  modeled  shapes of evolving  features  during 
different stages of EMM for  different photoresist openings (a), (b). 

i Island of unetched material in the middle of a large opening (b) is 
i caused by current maximum at the edges of the dissolving surface. 
j From [6] ,  reproduced with permission. 

in Figure 9. For small openings  [Figure 9(a)], the  current 
concentration moves to  the  center of the  feature  before 
the  metal film  is etched.  For  large  openings  [Figure  9(b)], 
the  metal film may not  be thick enough  for  the  current 
concentration  to shift to  the middle. Under  these 
conditions,  because of the  faster  rate of dissolution  at  the 
edges,  an island of material  remains  unetched, losing 
electrical  contact with the  rest of the metallic surface  and 
thus bringing the EMM process  to  an  end.  The problem of 
island formation  can, in principle,  be resolved by 
converting the  situation of Figure  9(b)  into a number of 
narrow  openings,  as in Figure 9(a). This can be achieved 
by introducing dummy photoresist  artwork [19]. It is 
essential, however, that  the  dimensions of the dummy 
photoresist  artwork  match  the  undercutting of the 
photoresist  from  both  sides, so that  upon  completion of 
EMM the dummy photoresist is removed, yielding a clean, 
straight-walled micromachined  trench. 

Designing the  dimensions of the dummy artwork 
requires a knowledge of undercutting  and its dependence 
on the  photoresist  opening dimensions, which can be 
experimentally  determined [19]. For  a  75-pm-thick 
stainless  steel film sample,  an  average value of 
undercutting was found  to  be 50 pm,  independent of 
opening  dimensions. On the basis of the  experimental 
results,  photoresist  artwork design  modifications were 
made  to  include dummy artwork  that  converted  openings 
larger  than 700 pm  into a set of smaller  openings using 
100-pm-wide photoresist  lines as dividers. EMM of 

662 samples with dummy  artwork  demonstrated  that  the 

M. DATTA 

problems  related  to  the loss of electrical contact  can 
indeed be eliminated by reducing the size of the opening [19]. 

The above concept of introducing dummy photoresist 
artwork  requires a delicate  balance  between  lateral 
dissolution and vertical  dissolution on  one  hand  and  the 
width of the dummy photoresist  on  the  other.  It  has 
been  demonstrated  that  the choice of proper dummy 
dimensions  can  lead  to  the  elimination of island formation 
during  microfabrication of components on flat samples. 
However, for  samples involving topographic  features,  the 
last traces of unetched  materials may be difficult to 
remove by EMM. In such  cases, EMM may be followed 
by a brief application of another  etching  technique  to 
effectively remove  the  unetched islands without 
significantly altering  the wall angle. 

of the  photoresist wall angle  on  shape  evolution  during 
through-mask EMM [20]. At  the beginning of the EMM 
process, the primary current  distribution at the  anode 
surface is very sensitive to  the  photoresist wall angle. 
However, as the EMM process  continues,  the evolving 
cavity causes significant redistribution of the  current  along 
the  electrode  surface,  the  current  distribution becoming 
more  uniform.  Acute-angled masks improve  the 
directionality of through-mask EMM by reducing  the 
undercut  for  thin  metal films [20].  However, the influence 
of the mask wall angle  diminishes  with  increasing metal- 
film thickness [20]. 

Experimental EMM tools 
Development of an effective EMM process  requires 
careful design and  fabrication of a tool  that provides 
desired  current-distribution  and  mass-transport  conditions 
at  the dissolving surface. The  electrolyte delivery system is 
one of the main considerations in the design of a precision 
tool.  Different  electrolyte delivery systems that  are 
applicable in EMM include  channel flow, electrolytic jet, 
slotted  jet,  and multinozzle  systems [16, 22-24]. Sample 
orientation, electrical contact,  and provisions for  filtration 
are  some of the  other  important design aspects  that must 
be  taken  into  account. 

In a recent study we have also investigated the influence 

Figure 10 shows a one-sided EMM tool.?  The tool 
consists of a driving mechanism (XYZ table)  for  sample 
movement,  an  electrolyte delivery system in the  form 
of a multinozzle  assembly, an  electrolyte  reservoir,  and 
electrolyte  pumping  and  filtration  units.  The multinozzle 
assembly also acts as the  cathode.  The  sample is held in a 
sample  holder, which is attached to the XYZ table  and is 
moved  at a constant  speed over the multinozzle cathode. 
The  interelectrode spacing is kept  constant  between 1 and 
3 mm. A 1-in.-wide  multinozzle-flow  assembly  provides 
high-speed  electrolyte  impingement  at  the dissolving 
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surface,  thus  permitting  effective  removal of the  dissolved 
products  and of the  heat  generated by joule  heating.  The 
tool  can  be  used  for EMM of samples of different  sizes. 
The  active  area at a  given  time  during  micromachining is 
defined by the  electrolyte in contact with the  sample. 
Within  the  interelectrode  gap,  the  electrolyte  emanating 
from  the  multinozzle  cathode flows toward  the  workpiece 
and is directed  downward,  flowing on the  sides of the 
cathode.  This  provides  nonuniform  current  distribution  at 
the  part of the  workpiece  that is in contact  with  the 
electrolyte.  The  current,  and  hence  the  metal-removal 
rate,  attains  a  high  value in the  impingement  region,  while 
a gradual  drop  in  current  as  a  function of the  distance 
away  from  the  impingement  region  leads to low metal- 
removal  rates  in  these  regions.  Scanning  the  cathode  or 
the  sample  serves  to  equalize  the  distribution of metal- 
removal  rate by compensating  for  the  stray-current  effect, 
since  every  part of the  sample  undergoes  both  high- 
current  and  stray-current  regions in cycle. 

Figure 11 shows  a  two-sided EMM tool  that  was 
recently  developed  for  high-speed  fabrication of 
molybdenum  masks [ 111. The  tool  uses a novel  concept of 
localized  dissolution  induced by scanning  two  cathode 
assemblies  over a vertically  held  workpiece,  providing 
movement of the  electrolyte.  Highly  localized  dissolution 
by using  a  small  cathode  width  and  an  extremely  small 
interelectrode  spacing  provide  directionality of metal 
removal  and  uniformity of current  distribution.  The 
electrolyte flows through  the  cathode  body  at  a  rate 
between 0.8 and 3 gpm. It then flows across  the  cathode 
surface  between  the  cathode  and  the  mask  anode.  Two 
flow types  were  experimentally  studied:  shearing flow from 
top to bottom,  and  impinging flow directed  into  the  mask 
anode.  The  cathodes  were  scanned  back  and  forth  across 
the  vertically  held  anode  mask  at  rates  between 0.5 and 
7 cmis  using  an  Anorad  linear  motion  tool.  Unlike  many 
spray  systems  that  are  pressurized  and  involve  solution 
spilling,  the EMM tool is a  nonpressurized  system  with 
electrolyte flowing in  the  downward  direction.  The tool is 
extremely  flexible; it can  handle  different  sample  sizes  and 
can  employ  different  interelectrode  spacings  and 
electrolyte flow. 

Fabrication of microelectronic  components 
As  part of our  continuing  efforts to develop  advanced 
metal-removal  technologies,  we  have  demonstrated  the 
feasibility of EMM in  the  fabrication of a  variety of 
microelectronic  components.  They  involved  the  application 
of maskless  and  through-mask EMM in the  fabrication of 
components  such  as  print  bands  for  high-speed  printers 
[ 5 ] ,  metal  masks  for  screening  and  evaporation [ 151, inner 
planes  for  high-density  circuitization [5], copper  lines  for 
printed-circuit  boards [6], slider  suspension  for  magnetic 
recording [ 191, cone  connectors  for  pad-on-pad  connector 

Electrolyte delivery system 
(cathode) (anode) \ 

tank 

Flow 
meter 

Schematic diagram of  an experimental tool for one-sided EMM 
(see Footnote 3). 

Sliding rod 

Tank 

lybdenum mask holder 

contacts [ 5 ,  251, and  flip-chip  interconnects [26]. In the 
following,  some  examples of the  application of through- 
mask EMM are  presented.  The  first  three  examples  show 
the  use of one-sided  through-mask EMM to  obtain 
patterns  with  precise  angular  walls,  straight  walls,  and 
conical  structures.  The  last  two  examples  show  the 
application of two-sided  through-mask EMM in  the 
fabrication of metal  masks  and in the  drilling of patterns 
on thick  metallic  sheets  for PC boards. 

Ink-jet  nozzle  plates 
Ink-jet  printing  technology  relies  on  the  basic  principle 
of forcing  ink  through  a  nozzle in the  printer  head.  The 
driving  force  which  causes  the  ink  to  be  ejected  from  the 
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of photosensitive polyimide [27, 291. However, lack of 
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i Schematic diagram of an  ink-jet assembly showing (a) ejection of 
an ink drop through a nozzle plate, and (b) entry and exit holes of a 

! nozzle plate. From [3 I], reproduced with permission. 1 
,@g $vs 

nozzle is the  formation of a  high-pressure  bubble, which 
is formed by rapid  heating  and  vaporization of the ink 
constituents [Figure 12(a)].  The  terms entry hole and exit 
hole in Figure 12(b) refer  to  the  entry  and exit of the ink 
drop  during its ejection  through  the nozzle.  Nozzles in the 
nozzle plate  are  evaluated in terms of their  performance 
characteristics as measured by directionality,  drop volume, 
drop velocity, and break-off  uniformity. Printers  that use 
arrays of nozzles are  particularly sensitive to small 
differences in nozzle shape  and  dimensions.  There  are also 
constraints  on  materials  and  electrical  and mechanical 
properties, as well as  on the cost of the nozzle-plate 
material  and  fabrication process. Ink-jet  printers used for 
computer  output typically have  nozzle diameters in the 
40-100-pm range [27]. 

Different  nozzle-fabrication  techniques have  been 
described in the  literature [27-301; they include 
mechanical  drilling, etching of silicon and  photosensitive 
polyimide, and  electroforming.  Mechanical drilling is 
expensive for low-end applications, since it frequently 
requires  post-deburring  treatment.  Fabrication of precision 
nozzles  has been  demonstrated by anisotropic  etching of 
silicon using silicon nitride as the mask, and by etching 

mechanical strength  and susceptibility to  corrosion in the 
heated-ink  environment have prevented  the use of these 
materials  on  an  industrial scale. Electroformed nozzles 
are  currently used in ink-jet products  manufactured by 
Siemens,  Dataproducts,  and  Hewlett-Packard [27]. 
Electroformed nozzles are  produced by plating  nickel onto 
a  mandrel  (mold) which defines the  image of the nozzle, 
and  then removing the finished part [27, 281. A thin 
protective film  of gold is often used  in  cases where  a 
particular ink otherwise might corrode  the nickel. The 
electroforming process,  however, is limited to  materials 
that  can  be  electroplated  and is relatively  expensive for 
low-end  applications. In a  recent  publication we described 
a cost-effective,  high-speed  process for  the  fabrication of 
precision  nozzles  using through-mask  EMM [31]. The 
process involves fabrication of a  series of flat-bottomed, 
V-shaped  nozzles in a  metal foil. The  process is applicable 
to  a variety of materials including high-strength,  corrosion- 
resistant  materials such  as conducting ceramics. Through- 
mask EMM,  thcrefore, provides the possibility of 
fabricating high-nozzle-density plates employing 
mechanically stable foil materials. 

The  fabrication of nozzle plates by EMM involves the 
following steps [31]. The  cleaned  metallic foil is laminated 
with photoresist on both sides of the foil. The  photoresist 
on  one  side is then exposed and  developed  to define the 
initial pattern, consisting of an  array of circular  openings. 
A controlled  EMM  process is employed to  fabricate flat- 
bottomed,  V-shaped  (frustum of right circular  cone) 
nozzles on  the  sample.  The  photoresist is then  stripped, 
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and  the  sample is inspected  for  entry  and exit holes. 
A sample typically consisted of a  series of photoresist- 
patterned nozzle plates,  each  containing  thousands of 
exposed vias to  be  micromachined. A 25-pm-thick 
stainless  steel foil was laminated with 25-pm-thick 
photoresist  on  both sides. The  photoresist  on  one  side was 
exposed and  developed  for  patterning, while the  blanket 
photoresist  on  the back  side of the foil served  as a 
protective  insulating layer. The  photoresist  pattern 
consisted of an array of circular  openings 55 pm in 
diameter. 

Direct-  and pulsed-voltage experiments  were  performed 
using a  neutral salt solution of sodium  chloride  and 
glycerol mixture as the  electrolyte.  The  results 
demonstrated  the  importance of the  role of mass- 
transport-controlled limiting current  and  surface films in 
the  fabrication of precision  nozzles with smooth  surfaces 
(Figure 13). By controlling  the  extent of micromachining, 
nozzles of desired  shapes could be fabricated.  The final 
nozzle shape was determined by several factors  that 
included  undercutting,  etch  factor, dissolution time,  and 
dissolution  conditions. Pulsating-voltage EMM was found 
to be effective in providing dimensional uniformity of 
an  array of nozzles. This was due  to  the possibility of 
applying  extremely high peak  currents  (voltage) which, in 
addition  to giving directionality,  enabled  breakdown  and 
elimination of inhibiting layers, thus facilitating  activation 
of all of the  openings  at  the  same  time.  The feasibility of 
fabricating an array of hundreds  to  thousands of precision 
nozzles with microsmooth  surfaces in copper  and stainless 
steel foils was thus  demonstrated.  On  a  25-pm-thick 
stainless foil patterned with a  55-pm-diameter  photoresist 
opening,  a  targeted exit-hole dimension of 55 pm was 
achieved with a  standard deviation below 2.0. A desired 
nozzle  angle of 27” was produced with an  etch  factor 
(ratio of straight-through  etch  to  undercut) of 2. The 
results of these  studies conclusively demonstrated  the 
effectiveness of through-mask  EMM in the  fabrication of 
precision  nozzle plates  for  ink-jet  printers [31]. 

Conducting lines for PC bourds 
Figure 14 shows the  application of one-sided  through- 
mask EMM in the  fabrication of copper  lines of varying 
dimensions  for circuitization of printed-circuit  boards [6]. 
This example of one-sided  through-mask EMM involves 
fabrication of features with straight walls. A significant 
challenge in such an  application is the ability to minimize 
undercutting  to  obtain finer and  denser  conductor lines. 

Cone connectors 
Cone  connectors  represent  a new generation of connectors 
with low total  load which find application in pad-on-pad 
cable  connectors  for flex, chip  burn-in  pads, high- 

J Photoresist 

One-sided through-mask EMM of features with straight walls (a). 
SEM photograph showing bent copper lines with microsmooth 
surfaces and straight walls fabricated by one-sided through-mask 

‘ EMM (b). From [6], reproduced with permission. 

performance  boards,  etc. [32]. Effective cone-connector 
structures  are  characterized by small tips, tall cones,  and 
strong  material of fabrication.  At  present  the  cones  are 
fabricated by laser  ablation of polymeric films, followed 
by metallization.  This  technique  produces relatively 
good-quality  cones  but involves several steps,  thus 
making the  process expensive. Furthermore,  the  cones 
fabricated by this method lack the  desired mechanical 
strength. A high-speed  process of fabricating  cones 
by through-mask EMM has  been  developed  and 
patented [25]. The  process is applicable  to  a variety of 
metals  and alloys and is independent of the  hardness 
of the  material. 
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(a) 'Metal  sheet (anode) 

1 One-sided  through-mask EMM (a)  and its application in the 
1 fabrication of cones with extremely  fine  (b)  and flat (c)  tips.  From 
I 1251, reproduced with permission. 

A photoresist  pattern in the  form of evenly spaced dots 
is generated  on  a  metallic  material  that is suitably selected 
for  the  pad-on-pad  connector.  During  EMM,  the  anode 
material dissolves in the  areas which remain  unprotected 
by the  photoresist. As anodic  dissolution  continues,  the 
removal of material between the  dots  leads  to  formation 
of cavities and finally to  the  formation of cones, as shown 
in Figure 15. Preferential dissolution in the  desired 
direction is achieved by employing a multinozzle assembly 
in which extremely high impinging electrolyte flow can bc 
applied.  Cones  on  copper  and  hardened stainless steel 
(Fe-13Cr) sheets have been  generated by this method. 
Figure 15 shows SEM  microphotographs of the  cones 
fabricated on a  hardened stainless steel  sheet.  The  desired 
size and  shape of cones could be  obtained by proper 
design of the  photoresist  dimensions  and by properly 
controlling  the  amount of charge passed during  EMM. By 
proper choice of electrolyte  and machining conditions, 
many other  metals  and alloys can be used to  fabricate 
such cones. 

9 Metal  masks 
In  the  microelectronics industry, etched  metal masks are 

666 used for  pattern definition in conductor  screening  and 
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evaporation processes. Lead-frame  production also 
requires  patterned  metal  sheets  that  are  either  etched  or 
stamped [33, 341. Large  volumcs of patterned  metal  sheets 
are used in the  production of aperture masks for  color 
CRTs. A variety of metal  and alloy sheets  are  used, 
including iron, stainless steel,  copper, brass, and 
nickel-iron alloys. For  the most dcmanding  applications in 
screening  and  evaporation processes in microclcctronics, 
molybdenum is the  material of choice  [32]. 

by etching of a foil that is coated with perfectly  aligned 
patterned  photoresist  on two sides. In a typical present- 
day processing,  molybdenum  masks arc  etched in a spray 
etcher using heated  alkaline potassium ferricyanide 
solution.  The  solution will lose  its  etching activity as a 
larger  quantity of the  ferricyanidc is reduced  to 
ferrocyanide.  Larger-volume users regenerate  the  etchant 
elcctrochemically or by using a chemical  oxidizer  such  as 
ozone.  The  spent  etchant must be  disposed of as a 
hazardous  waste. In addition,  the rinse water  from  the 
etching operation must  also be  segregated  and  treated 
as a  hazardous waste stream. 

Fabrication of metal masks involves through-patterning 

As an altcrnative,  "greener" process, we have recently 
developed  a novel EMM  process  for high-speed 
fabrication of molybdenum  masks  using a salt solution 
as the  electrolyte [15]. A prototype precision tool of 
the type shown in Figure 11 was employed  to  fabricate 
molybdenum masks of different sizes (225 mm X 225  mm 
and 250  mm X 250 mm).  Features  on  the  sheet, as many 
as 120000, were etched  to  a precision of 10% of the  total 
feature size (Figure 16). The  microfabrication  data of 
EMM  obtained in  salt solution at ambient  temperature 
were  compared with those  obtained by the  conventional 
chemical etching process using ferricyanide  solution. 
Performance  criteria  included machining rate,  surface 
finish, aspect  ratio,  and simplicity of operation.  The 
metal-removal  rate in EMM was found  to  be  orders of 
magnitude  higher  than  that in chemical etching.  Operating 
EMM  at  or  higher  than  the limiting current density 
provided conditions  for  microsmooth  surface  and 
patterning uniformity. The ability to  maintain a thin layer 
of soluble  salt film at  the  surface was a key to  obtaining 
uniformity of etching  and high aspect  ratio.  Higher  aspect 
ratio was achieved by increasing electrolyte  impingement 
at the  surface [15]. 

Electrochemically  drilled  metal plates 
In the  manufacturing of printed-circuit  cards  and  boards, 
it is often  essential  to drill  holes in metallic plates [32].  
Mechanical  drilling of such  holes  poses  several  difficulties. 
Wear of drills, particularly  for thick plates, is a  major 
problem; drills  must be  changed  frequently,  thereby 
affecting  cost and  throughput. Chemical etching is an 
alternate  technique which requires  the  use of aggressive 
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chemicals. The  principal  problems of chemical etching  for 
such an  application  are its inability to yield straight walls 
and high aspect ratio. 

The  electrochemical drilling described  here involved 
two-sided through-mask EMM [SI. An example of 
electrochemically  drilled  holes in a 6-mil (125-pm)-thick 
stainless  steel  plate is shown in Figure 17.' The  electrolyte 
consisted of a 3-M sodium nitrate solution containing 
100 ppm of FC-98 as a surfactant. The SEM photograph of 
Figure 17 shows that  straight walls with extremely  polished 
surface  can he obtained.  The  operating cell voltage was 
determined  from  a study of thc influcnce of cell voltage 
on the  surface finish. In  order to determine  the  conditions 
that  lead to straight walls during  electrochemical drilling, 
the influence of the quantity of charge on the  shape 

M. Datta and W. J. Yu. unpublishcd work.  

evolution was studied.  Results  indicated  that  knife-edge- 
shaped holes arc  obtained  at low charges, while straight 
walls are  obtained  at high charges [ 5 ] .  Similar 
electrochemical drilling studies have been  extended  to 
samples with extremely complicated  shaped  features  of 
various  dimensions. 

Summary and conclusions 
Metal-removal  processes play an important role in the 
fabrication of microcomponents.  Different dry and wet 
thin-film etching processes that  are  applicable in 
microfabrication  are  compared in Table 1, which provides 
information  on  the applicability of these processes.  While 
dry-etching processes  are particularly suitable  for 
patterning fine dimensions, low etching rate  and high 
equipment cost restrict  their  application to precision 
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etching of thin films involving very small amounts of 
material  removal.  Wet chemical etching  methods  are 
used in microfabrication  because of their selectivity 
and relatively high etch  rates.  These  methods  are 
predominantly used in large-scale  production of metallic 
parts involving bulk metal removal. On  the  other  hand, 
treatment  and disposal of hazardous waste contribute 

significantly to  the  product  cost in many wet-etching 
manufacturing processes. 

The  last column of Table 1 presents  some of the Virtues 
of electrochemical  metal removal  as a thin-film processing 
technology.  Since the driving force  for  metal  dissohtion 
reaction is derived from  an  external  current,  the 
electrolyte  does  not have to  be aggressive. Neutral 
salt solutions  are  applicable  for  electrochemical 
micromachining  of  most of the thin  metallic films that  are 
of interest in the  microelectronics industry. Metal removal 
in EMM is determined by the machining currcnt, which 
can  be very high if proper hydrodynamic conditions prevail 
within the  electrochemical cell. Metal-removal  rate in 
EMM is generally orders of magnitude  higher  than  that in 
chemical etching.  Through  proper  consideration of mass 
transport  and  current  distribution,  metahemoval  rate in 
the  lateral  direction  can  be significantly influenced, thus 
providing better wall slope  control in E". Other 
advantages  include  minimized safety and  environmental 
concerns. All of these  features  make  the  EMM  process a 
cost-effective, environmentally  friendly  processing 
technology for  microfabrication. 

While the  application of electrochemical metal  removal 
for  metal  shaping  and finishing of large parts is not  a new 
area, it is only now that  the  advantages of its application 
in microfabrication  are receiving  increasing recognition. 
Recent investigations of the  development of the  EMM 
process  for  microelectronic  fabrication have heen reviewed 
in this paper.  Results of these  studies  indicatc  that  the 
application of electrochemical  metal removal in 
microfabrication  offers many opportunities  that have not 
hitherto  been  explored. Newly emerging  technologies such 
as microengineered  structures,  advanced  microelectronic 
packaging, sensors  and  microelectromechanical systems 
(MEMS)  provide  ample  opportunities  for  further 
investigation of EMM.  It is envisaged that with a better 
understanding of the principles involved in high-rate 
anodic  dissolution of metals  from  narrow cavities, EMM 
will become  an increasingly important processing 
technology for  microfabrication. 

Ion etching RIE  Chemical  Electrochemical 

Driving force Plasma Reactive gases 
Environment V ~ C U U ?  vacuumo 
Rate -100 Aimin -1000 Aimin 
Selectivity Poor High 
Wall slope control Directional Anisotropic (fcxible) Isotropic 
Safety and environmental concerns Low Moderateihigh 
Monitoring and control issues Some Some 

Etching solution External current 
Acidicialkaline solutions Mostly neutral salt Solution 
-1 p,m/min 10 pmimin 
High High 

High Low 
Many Few 
Moderate Low 

Better than chemical 

cost High  High 
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