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Abstract: The silicon on glasses process is a common preparation method of micro-electro-mechanical system inertial  devices,
which can realize the processing of thick silicon structures. This paper proposes that indium tin oxides (ITO) film can serve as a
deep silicon etching cut-off layer because ITO is less damaged under the attack of fluoride ions. ITO has good electrical conduct-
ivity  and  can  absorb  fluoride  ions  for  silicon  etching  and  reduce  the  reflection  of  fluoride  ions,  thus  reducing  the  foot  effect.
The removal and release of ITO use an acidic solution, which does not damage the silicon structure. Therefore, the selection of
the sacrificial layer has an excellent effect in maintaining the shape of the MEMS structure. This method is used in the prepara-
tion of  MEMS accelerometers with a structure thickness of  100 μm and a feature size of  4 μm. The over-etching of  the bottom
of  the  silicon  structure  caused  by  the  foot  effect  is  negligible.  The  difference  between  the  simulated  value  and  the  designed
value of the device characteristic frequency is less than 5%. This indicates that ITO is an excellent deep silicon etch stopper ma-
terial.
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 1.  Introduction

MEMS inertial devices have excellent market competitive-
ness  due  to  their  small  size  and  low  cost  and  have  been
widely used in the field of consumer electronics[1, 2]. However,
with  the  growing  demand,  performance  has  also  become  a
concern.  This  requires  new  structures  or  structures  with  lar-
ger  mass,  because the  increase  in  structural  mass  will  reduce
the  mechanical  noise  and  improve  the  sensitivity  of  the
device[3].

Generally  speaking,  there  are  two  kinds  of  processes  for
bulk  silicon  processing:  the  silicon  on  insulator  (SOI)  process
and  the  silicon  on  glasses  (SOG)  process[4, 5].  In  the  SOI  pro-
cess, 30–100 μm thick SOI top silicon is used as the structural
layer  and  the  deep  silicon  etching  Bosch  process  is  used  to
etch top silicon to  the buried oxygen layer.  Hydrofluoric  acid
is then used to etch the buried oxygen layer to realize the re-
lease of the structure[6]. SiTime Corporation’s silicon crystal os-
cillators  and  gyroscopes  from  the  University  of  California,
Irvine all use this process and show excellent performance[7, 8].

However,  there  are  also  some  problems  in  this  process.
First, the presence of the foot effect makes the bottom of the
silicon  structure  under-etched  or  over-etched,  causing  the
deviation  of  the  actual  size  of  the  device  from  the  design
value[9].  Another problem is the release of HF acid to the bur-
ied oxygen layer, for the corrosion process is slow, and the fea-
ture  size  of  the  silicon structure  should  not  be  too large.  The

excessive  size  needs  a  long  release  time,  which  causes  over-
etching  of  the  anchor  point  portion,  and  the  support  of  the
device is affected[10].

There  are  two  advantages  to  SOG  process.  First,  the  cut-
off layer of deep silicon etching in SOG can be made of materi-
als  with  better  conductivity,  which  reduces  the  foot  effect.
Second,  the  silicon  structure  is  usually  anodically  bonded  to
the  substrate,  the  material  of  the  sacrificial  layer  is  generally
metal,  and  the  removal  of  the  sacrificial  layer  does  not  dam-
age  the  anchor  point,  so  there  is  no  special  requirement  for
the feature size of the structure, so it has better structural ap-
plicability[11].  This  process  is  used  to  make  Silicon  Sensing's
ring gyroscopes[12].

Although the SOG process has lower cost and better struc-
tural applicability than SOI, there are few studies on the sacrifi-
cial  layer  material.  Aluminum  is  used  at  Peking  University[13],
but  there  is  no  detailed  report  on  the  effect  of  etching.
Moreover,  aluminum  will  generate  cracks  in  anodic
bonding[14, 15],  and  in  theory,  cracks  cannot  prevent  F  ions
from etching the  anchor  region.  In  this  paper,  ITO material  is
proposed  to  be  the  sacrificial  layer,  it  is  easy  to  remove,  and
the foot effect can be reduced. The light-transmitting charac-
teristics  also help to monitor  the preparation of  the structure
during  the  etching  process  and  reduce  the  over-etching  of
the structure. This is a good choice for a sacrificial layer materi-
al and deep silicon etching cut-off material.

 2.  Principles

This paper describes the principle of the foot effect in de-
tail[16].  During  the  etching  process,  the  fluoride  ions  used  for
silicon  etching  are  positively  charged  and  bombard  the  bur-
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ied  oxygen  layer,  so  that  there  is  a  certain  accumulation  of
positive  charges  on  the  surface  of  the  silicon  oxide.  Under
the  action  of  electrostatic  repulsion,  the  direction  is  deflec-
ted and starts to bombard the bottom of the sidewall of the sil-
icon  structure,  thereby  the  foot  effect  forms.  The  principle  is
shown in Fig. 1(a).

According  to  the  principle,  if  the  silicon  oxide  material
used  as  the  etching  cut-off  layer  is  replaced  with  a  conduct-
ive material, then the charges will not accumulate on the cut-
off  layer,  the  fluoride  ions  etching  silicon  will  not  be  deflec-
ted,  and  the  etching  situation  at  the  bottom  is  the  same  as
the  upper  part  of  the  sidewall,  which  conforms  to  the  Bosch
etching  mechanism,  forms  a  balance  between  passivation
and etching, and reduces the foot effect, as shown in Fig. 1(b).

The etching of  the silicon structure in the SOG process is
different  from  SOI,  it  is  hollow  under  the  cut-off  layer,  and
the  cut-off  layer  also  acts  as  a  support  layer  for  the  silicon
structure.  After  the  silicon  structure  is  processed,  the  cut-off
layer cannot be broken, because the broken cut-off layer can-
not  prevent  fluoride  ions  from  entering  the  cavity  between
the  glass  substrate  and  the  silicon  structure.  On  the  one
hand,  the  fluoride  ions  in  the  cavity  may  accumulate  on  the
glass  surface,  affecting  the  direction  of  movement  of  sub-
sequent  fluoride  ions.  On  the  other  hand,  fluoride  ions  may
bombard the anchor point. The silicon oxide formed by the an-
odic  bonding  of  silicon  and  glass  at  the  anchor  point  is  not
good, it has poor corrosion resistance and etching properties.
Excessive  fluoride  ions  bombard  the  anchor  point  position,
which  will  affect  the  bonding  effect.  So,  the  cut-off  layer
should  have  small  stress.  After  the  silicon  structure  is  etched
cleanly,  it  is  ensured that the suspended film of a certain size

will not be broken under the action of its own stress.
Considering the requirements of conductivity, etching res-

istance,  and  low  stress,  ITO  is  chosen  as  the  material  for  the
cut-off layer and sacrificial layer etched in the SOG process. An-
other  advantage of  ITO is  its  light  transmittance.  The etching
of  the  silicon  bottom  can  be  observed  from  the  glass  side  of
the  bonding  wafers.  The  engraving  time  is  different  because
the  patterns  are  of  different  sizes  and  the  same  pattern  loc-
ated in different positions on the wafer. Generally, the maxim-
um  etching  time  is  set  in  production,  and  a  margin  is  added
to ensure that all  structures can be completely etched. By us-
ing  ITO  as  the  cut-off  layer,  it  can  be  observed  at  any  time
whether  the  structures  at  different  positions  are  etched  to
the end. This reduces over-etching and helps to maintain the
morphology of the device.

 3.  Experiments

 3.1.  SOG process with TGV

The preparation of  the  structure  is   shown in Fig.  2.  First,
the movable area at the bottom of the structure is etched us-
ing  a  photoresist  as  a  mask  on  one  side  of  the  100 μm
double-polished  silicon  wafer.  After  etching,  an  ITO  film  with
a thickness of  about 150 nm is  grown by magnetron sputter-
ing.  Then  a  lift-off  process  is  used  to  remove  the  ITO  and
photoresist  from  the  bonding  area.  Next,  the  processed  silic-
on  wafer  is  anodically  bonded  to  a  300 μm  thick  BF33  glass.
After cleaning, a pattern with ITO as an etching mask is made
on  the  silicon  side.  Finally,  deep  silicon  etching  and  release
are performed.

It is not easy to realize the airtight side leads on the glass
substrate, and it is best to use the through glass vias (TGV) ver-

 

Fig. 1. (Color online) DRIE process. (a) Foot effect on SOI. (b) DRIE on SOG.

 

Fig. 2. (Color online) The preparation of structures. (a) Etching with glue mask drilling. (b) ITO sputtering. (c) Lift off. (d) Anodic bonding. (e) DRIE.
(f) Release.
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tical lead scheme or silicon-glass composite cover. The TGV is
used by the  Silicon Sensing Corporation, and the electroplating
process  is  used  for  metal  filling  in  vias[17].  However,  for  deep
hole  electroplating,  a  seed  layer  needs  to  be  sputtered  on
the sidewall first, and it is a little difficult to realize the electro-
plating.  Up  to  now,  this  process  has  only  been  adopted  by
the Silicon Sensing Corporation.

The  laser  drilling  method  was  used  by  the  author,  which
can  realize  the  preparation  of  tens  of  micrometer  diameter
holes  on  a  300 μm  thick  silicon[18].  Due  to  the  rough  side-
walls  of  the  holes,  it  is  difficult  to  achieve  good  coverage  of
the  sidewalls  by  the  seed  layer  sputtering,  so  it  is  not  suit-
able  for  filling  vias  with  the  electroplating  process.  Vias  are
filled by the electroforming method, and the filled metal is an
alloy of aluminium and zinc[19]. By adjusting the ratio, the melt-
ing point of the alloy is lower than 400 °C, which is a suitable
temperature for the preparation of MEMS devices

According  to  the  electroforming  filling  method,  a  low-
cost  and  high-yield  MEMS  device  fabrication  method  is  de-
signed  in  this  paper  (as  shown  in Fig.  3).  The  preparation  of
the  cover  plate  with  through  vias  is  as  follows.  First,  laser
drilling  is  used  to  punch  holes  on  a  300 μm  thick  wafer.  The
holes  are  filled  by  electroforming,  and  then  the  excess  metal
is  removed  by  a  double-sided  CMP  process.  Finally,  the  act-
ive  area  of  the  structure  is  etched  out  by  using  CrAu  as  a
mask,  and then the mask is  removed.  Corrosion of  Cr  and Au
was carried out  with ammonium cerium nitrate solution,  iod-
ine  and  potassium  iodide  solution,  respectively,  these  solu-
tions were almost not corrosive to the metal in vias.

The  released  structure  is  bonded  with  the  cover  plate
with  filled  through  holes  as  shown  in Fig.  4,  and  a  complete
process flow of a MEMS device is realized. This method is suit-
able for the fabrication of devices such as accelerometers and
gyroscopes.

 3.2.  ITO sputtering

In  the  experiment,  it  was  found  that  the  sputtering  pro-
cess  parameters  of  ITO  had  little  effect  on  the  improvement
of  the  foot  effect,  and  all  of  them  could  achieve  a  good
suppression.  However,  there  are  two  points  to  be  noted.

First,  the  thickness  of  ITO  should  preferably  be  greater  than
150  nm,  and  the  ITO  film  less  than  150  nm  is  not  rigid
enough  and  is  easily  broken  under  the  action  of  its  own
stress.

The  other  is  the  sputtering  process  parameters.  During
the  sputtering  process  of  ITO,  a  certain  amount  of  oxygen  is
usually  doped  to  adjust  the  composition  ratio  of  oxygen  in
the  material,  thereby  improving  the  conductivity  and  crystal
phase  characteristics  of  ITO.  The  purpose  of  adjusting  the
amount  of  oxygen  here  is  to  improve  the  density  of  ITO.  In
the  experiment,  it  was  found  that  the  ITO  film  without  oxy-
gen  doping  during  sputtering  has  good  compactness.  When
it  is  soaked  and  peeled  off  in  an  acetone  solution,  it  is  diffi-
cult for acetone to pass through the ITO and interact with the
photoresist  under  the film,  resulting in  difficult  peeling.  Dop-
ing  a  certain  amount  of  oxygen  during  the  sputtering  pro-
cess can effectively reduce the density of  ITO and reduce the
difficulty of stripping.

After the experiments,  the selected ITO sputtering condi-
tions  are  DC  sputtering,  the  power  is  150  W,  the  sputtering
pressure  is  1.5  mT,  the  flow  ratio  of  oxygen  to  argon  is  8%,
and  the  sputtering  rate  is  about  25  nm/100  s,  and  the  target
material  is  ITO  compound  with  a  99.5%  purity,  the  sputter-
ing machine is PVD75 from Kurt Lesker.

 3.3.  Deep silicon etching

The bonding wafer is etched using Oxford Plasmalab Sys-
tem100  deep  silicon  etching  equipment.  When  the  equip-
ment was put into use, the original engineer helped to devel-
op  a  process  suitable  for  bonding  wafer  etching.  There  are
two steps:  the first  step is  passivation,  and the second step is
etching.  During  passivation,  the  flow  of  C4F8  gas  was  200
sccm,  the  ICP  power  was  1300  W,  and  the  processing  time
was  2  s;  during  etching,  the  flow  rate  of  SF6  was  200  sccm,
the  ICP  power  was  1600  W,  the  electrode  power  at  high  fre-
quency  was 40  W,  and  the  processing  time  was  2.4  s.  When
glue  or  silicon  oxide  is  used  as  a  mask,  the  etching  depth
of each 100 loops of  silicon is  between 40 to 45 μm, and this
process  condition is  also used for  ITO mask etching of  silicon
oxide,  the  etch  selectivity  ratio  of  silicon  and  ITO  is  about
26 500[20].

 4.  Results and discussion

An accelerometer using a comb electrode is used to veri-

 

Fig.  3.  (Color  online)  The process of  glass  cover plate with filled vias.
(a) Laser drilling. (b) Electroplating. (c) Active area etching.

 

Fig. 4. (Color online) Package with anodic bonding.

 

Fig. 5. (Color online) The etched silicon wafer on Glass
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fy  the proposed process scheme and the effect  of  ITO on the
foot  effect.  The  designed  accelerometer  has  a  comb  spacing
of  4 μm  and  is  made  of  100 μm  thick  silicon.  It  can  be  seen
that after processing, the ITO film remains intact,  and there is
no cracking due to etching or structural stress, which can pre-
vent the etching gas from entering the gap between the silic-
on layer and the glass substrate, and so no charge accumula-
tion  layer  is  formed.  The  etched  accelerometer  is  shown  in
Fig. 5 from the glass side.

To  observe  the  effect  of  the  ITO  film  on  the  foot  effect,
the  etched  structure  was  split,  and  the  glass  of  just  one
device  was  split,  while  the  silicon  structure  remained,  and
this device is analysed. Even under the impact of the splinter,
most of the ITO film is  still  well  preserved, which further veri-
fies  the  reliability  of  the  film,  as  shown  in Fig.  6(a).  The  ITO
film  is  etched  in  sulfuric  acid  and  hydrogen  peroxide  mixed
solution,  and  the  structure  is  released  and  packaged,  as
shown in Fig. 6(b).

Here,  the  cleaved  silicon  structure  was  observed  by  SEM
as shown in Fig. 7. Due to the low stiffness of the comb-tooth
structure and easy fracture,  it  is  difficult  to preserve the com-
plete  comb-tooth  structure  when  it  is  split.  Here,  the  part  of
the comb-tooth structure was measured, as shown in the fig-
ure.  The  SEM  test  results  intuitively  show  that  the  ITO  film
has a strong inhibition of the foot effect. There is almost no ob-
vious  over-etching  at  the  bottom  of  the  silicon  sidewall,  but

the  beam  has  a  wide  top  and  a  narrow  bottom,  which  is
caused  by  the  inappropriate  etching  conditions,  but  not  the
foot  effect.  The  deep  silicon  etching  conditions  still  need  to
be optimized.

By  contrast,  the  post-etch  morphology  of  the  structure
with  silicon  oxide  as  the  cut-off  layer  in  a  SOI  process  is
shown  in Fig.  8,  the  narrow  comb  structures  are  over  etched
due to the footing effect, the depth of undercut part is about
9 μm. Obviously, the etch results need to be optimized consid-
erably for production.

The  released  structure  was  tested  with  a  dynamic  signal

 

(a) (b)

Fig. 6. (Color online) The etched structures. (a) ITO cut-off film. (b) The released and packaged structures.

 

Fig. 7. SEM results of the comb beams in SOG process.

 

Fig. 8. SEM results of the comb beams in SOI processs.

 

Fig. 9. The frequency domain response of a prepared accelerometer.
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analyzer  HP  35665A.  On  a  4-inch  wafer,  the  resonant  frequ-
ency  of  the  device  was  distributed  between  6.3  and  6.6  kHz,
as  shown  in  the Fig.  9.  The  design  value  is  6.5  kHz,  both  are
in  good  agreement,  which  also  proves  the  good  consistency
between the prepared structure and the layout design.

Therefore,  the  ITO  thin  film  used  in  the  SOG  process,  as
the  cut-off  layer  and  sacrificial  layer  materials  of  deep  silicon
etching,  can  suppress  the  influence  of  the  foot  effect  on  the
structure size and has a good effect on maintaining the struc-
ture and morphology.

 5.  Conclusion

In this paper, a method of using ITO thin film as the materi-
al of the deep silicon etching cut-off layer is proposed to sup-
press  the foot  effect  of  the bottom of  the etching,  and it  has
a good effect. The method is integrated into the MEMS acceler-
ometer  processing  of  the  SOG  process.  The  size  deviation  of
the  bottom  surface  and  the  front  surface  of  the  prepared
accelerometer is small, and its operating frequency is in good
agreement with the design value.

It is a pity that the ITO film produced by magnetron sput-
tering  is  relatively  dense,  and  the  corrosion  can  only  be  car-
ried  out  by  a  highly  corrosive  solution  such  as  sulfuric  acid
and hydrogen peroxide. This solution has a strong corrosive ef-
fect  on  the  general  electrode  metal.  The  metal  wiring  on  the
surface of the glass substrate also limits the application range
of the ITO film. Therefore, the TGV packaging process is adop-
ted in the design of  this  paper,  and there is  no metal  materi-
al in the cavity. If the ITO film can be replaced with other ma-
terials  that  are  easy to corrode,  but  resistant  to  etching,  then
this method will have wider applications.
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