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ABSTRACT 

This paper presents some theoretical considerations to show that by etching in an enhanced acceleration field, such as 
can be obtained in a centrifuge, it is possible to circumvent many of the typical objectionable features of some of the tradi- 
tional etching techniques. The theory is corroborated by a small series of experiments. These clearly indicate that cens 
gal etching may yield very low undercutting, large etch rates, and, if proper care is taken, an extremely smooth surface 
finish. 

In many etching processes, the diffusional transport 
of the active components of the etchant to the surface 
or of the etched materials away from the surface, is a 
factor that severely limits the etch rate. The reason is 
that the diffusion coefficient of species dissolved in 
liquids is very small. D is of the order of 10-9 m~Isec 
(I), but it may be greater than that number depending 
upon the temperature. To increase the etch rate, vari- 
ous methods, such as jet, spray, or film etching, are 
used. The common feature of these methods is that the 
etchant is forced to flow along the surface, thus adding 
the effect of convectional transport. If the purpose of 
the etching procedure is to produce small holes or slits 
in an otherwise smooth surface, the flow will almost 
never directly penetrate into the holes (2). Except 
when the cavity is shallow, the etchant moves along 
the hole, the flow in the cavity being characterized by 
one or more trapped eddies. It has been shown before 
(3) that the transport of reactants or Of reaction 
products often occurs in a thin boundary layer that 
exists along the rim of the vortex. The exchange of 
etching products occurs by means of diffusion across 
the streamline that separates the eddies from one 
another or from the outer flow (Fig. 1). 

Although adding convection will certainly increase 
the etch rate, etching methods that involve the forcing 
of the etchant along the hole pattern have one in- 
herent drawback. It has, in fact, been shown experi- 
mentally (4) and explained theoretically (3) that the 
emergence of every new vortex leads to a drastic re- 
duction of the etch rate (Fig. 2). This results in strong 
undercutting effects. In any case, it is doubtful 
whether, in the end, the etch depth will ever be much 
larger than the final hole width. Therefore, deep etch- 
ing using forced flow outside the holes is probably 
impossible. This is also borne out by the experiments 
performed by Allen et al. (5-8). When convection 
effects are excluded, i.e., in purely diffusional pro- 
cesses, deep etching with respect to hole diameter in 
isotropic materials is equally impossible. Indeed, in 
such materials a diffusion process does not have a 
characteristic direction, and eventually etching will 
result in almost spherically shaped cavity wails. 

The purpose of this paper is to propose an alterna- 
tive method of etching that does involve convection 
but circumvents the deleterious side effects mentioned 

above. This method makes use of the fact tha t  in an 
actual etching process, the densi ty of the l iquid cer- 
ta inly is not  un i form throughout  the system. In  m a n y  
instances, the fluid will  become more dense if reaction 
products are added to it. This means that  in  such cases 
the fluid close to the wall  of the cavity is more dense 
than the remaining  pure etchant. When  the complete 
system is put  in  an acceleration field, e.g., inside a 
centrifuge or in  the ordinary  gravi ty field, and care is 
taken to ensure that  the acceleration vector is point-  
ing out of the hole, the more dense "polluted" fluid 
will  be d rawn out, thus creating a na tu ra l  convection 
pa t te rn  inside the cavity. Now there will be no trapped 
vortex wi thin  the cavity of the k ind sketched in Fig. 
1, as the fluid flows outward along the wall  and, by 
the requi rement  of continuity,  inward  through the 
center  (Fig. 3). It  should be realized that  pure etehant  
now first encounters the bottom of the cavity, thereby 
creating the largest etch rate exactly where it  is 
needed. The impur i ty  level grows along the side walls 
in the upward  direction which results in lower etch 
rates closer to the orifice. It  would seem that, by using 
this method, deep levels of penetra t ion can be reached 
and that  undercut t ing  can be kept  to a min imum.  

It is obvious that  the acceleration vector should 
point  inward  when addition of dissolution products to 
the etchant leads to lower densities. This is equal ly  
true if the removal  of active species leads to an 
etchant  of lower density. The acceleration vector 
should also point  inward  when the heat  produced dur -  
ing the etching process is so large that  thermal  ex- 
pansion exceeds the densi ty enhancement  due to the 
addit ion of etching products. If it  is difficult to assess 
the relative magni tude  of these two effects by  theo- 
retical means, suitable exper iments  will  be needed in 
order to decide how to apply the acceleration field. 

In  the remaining  par t  of this paper, we discuss some 
of the theoretical ideas that  explain how na tura l  
convection can be an effective means of t ranspor t ing 
reactants into arid reaction products out of a cavity. 
Several  experiments  were carried out using a centr i -  
fuge, and we present  some of the results in this paper. 
To simplify the presentation, we assume an etching 
process in which the "polluted" e tchant  has a higher 
density than pure etchant. As was explained above, 
the other cases can be dealt with similarly. 
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Fig. !. Qualitative picture of mass transfer from an open cavity 
as a function of cavity depth in jet etching. Arrows denote flow 
direction. Reaction products occupy the dotted regions. 
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Fig. 2. Qualitative picture of etch rate as a function of etch depth 

in jet etching. Dips are caused by the emergence of new cells in 
the flow pattern. The question mark signifies that due to under- 
cutting the two-cell pattern may never arise in practice. 
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Fig. 3. Mass transfer from a cavity with free convective stirring. 
Arrows denote the direction of flow. Reaction products occupy the 
dotted region. The acceleration field is denoted by a. Case de- 
picted assumes that reaction products are heavier than pure etchant. 
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T h e o r e t i c a l  Considera t ions  

In o rde r  tha t  we may  decide whe the r  na tu ra l  con-  
vect ion Of the type  descr ibed in the above sect ion can 
rea l ly  cont r ibute  to the  t r anspor t  of e tched mate r i a l s  
in an ac tual  s i tuat ion,  we must  have  an es t imate  of 
the re la t ive  magni tudes  of convect ional  and diffusional  
t ranspor t .  In  a s tanding  etchant ,  i.e., when s t i r r ing  is 
absent,  the t r anspor t  of reac t ion  products  is due 
solely to diffusion down a concentra t ion  gradient .  
Therefore,  the convect ive t r anspor t  due to f ree  con- 
vect ive s t i r r ing  should  at  least  be as large  as the  d i f -  
fus ional  t r anspor t  component ,  if i t  is to be not iceable  
at all. 

Clearly,  f ree convective s t i r r ing  wil l  be useful  only  
if i t  dominates  convection. In  a sys tem tha t  is charac -  
ter ized b y  a large  Schmidt  number  

Sc = v/D [1] 

where  ~ is the k inemat ic  viscosi ty of  the e tchant  
( ~  10-.8 m2/sec) and D is the diffusion coefficient 
( ~  10-9 m2/sec) ,  i t  is essent ia l ly  the  Rayle igh  number  
(Ra) 

Ra ---- a~ (• Is~ (~,D) [2] 

that  de te rmines  the re la t ive  impor tance  of convect ion 
and diffusion (9).  In  Eq. [2], a denotes  the acce lera-  
t ion field (m/sac  2) and  1 is a l ength  (m) tha t  is 
charac ter i s t ic  for  the size of the system. At  the  s ta r t  
of the  e tching process,  I m a y  be t aken  as the  ha l f -  
width  of the e tchable  area.  When  a deep hole has been 
etched, the  dep th  m a y  be t aken  as  the  charac ter i s t ic  
length. Fur ther ,  hc is a measure  of the concentra t ion  

difference ( m o l / m  s) of the  reac t ion  products ,  and  
is the coefficient of volumetr ic  expansion.  In  ac tua l  
fact, if  the dens i ty  var ia t ions  are  not  too large,  the  
dens i ty  of the po l lu ted  e tching fluid can be given b y  
the l inear  re la t ionship  

p = ~o (1 + ~ c )  [3] 

where  p0 is the dens i ty  of pure  etchant .  Should  t h e r -  
ma l  effects be impor t an t  ( react ion hea t ) ,  Eq. [3] wi l l  
have to be ex tended  to include these 

p = p0(l + p~c --  ~HAT) [4] 

where  T is the t empe ra tu r e  and ~H signifies the  c o e f f i -  

c i e n t  of t he rma l  expansion.  
Convect ion effects a re  dominan t  if the  Ra number  

is cons iderab ly  l a rge r  than  unity.  I t  is known,  f rom 
both the h e a t  and the mass  t r ans fe r  l i t e r a tu re  (10, 11), 
tha t  Ra should  at  leas t  be on the order  of one h u n d r e d  
for  convect ion r ea l ly  to domina te  over  diffusion. To 
obta in  an idea  of the  values  Ra m a y  assume, consider  
what  happens  in an o rd ina ry  g rav i ty  field (a = 10 
m/sec2),  using the values  of D and v a l r e a d y  given. 
If  the  cavi ty  to be e tched has an or ig inal  w id th  of 
100 #m, we have 1 ,~ 1,2 �9 10-4m (ha l f -w id th ) .  A r e a -  
sonable  value  of /~Ac would  seem to be 0.01, which  
means  a dens i ty  change on the o rde r  of one percent .  
Ra for  this case is about  10, which seems to be too 
smal l  for convect ion to have  a significant influence on 
the etching process. 

To ob ta in  large  e tching ra tes  in the  example  ci ted 
above, we might  employ  wha t  m a y  be  ca l led  an a r t i -  
ficial g rav i ty  field tha t  can be crea ted  inside a cen t r i -  
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fuge. Values of a up to 104 m/sec  2 can be created even 
in a s imple  centrifuge.  Using such an appara tus ,  we 
m a y  induce an intense na tu ra l -convec t ive  s t i r r ing  
r i gh t  f rom the s t a r t  of the process. In the example  
given above, the Ra number  would be on the o rde r  
of 104 at  least,  ensur ing  the dominance  of na tu r a l  
convect ion over  pure  diffusion. 

When the holes to be etched become smal ler ,  the  Ra 
number  decreases in p ropor t ion  to the th i rd  power  of 
the characterist}c length. Therefore,  when  etching 
smal le r  holes, leaving  al l  o ther  pa rame te r s  in the sys-  
tem unchanged,  we even tua l ly  have to use a more 
powerfu l  u l t racen t r i fuge  ( l a rger  a) to keep  the Ra 
number  at  high levels.  

Fur ther ,  it  should be r e m a r k e d  that  in Ra-number=  
de te rmined  flows, ce l lu lar  flow pa t te rns  m a y  emerge.  
These are  cal led B~nard cells, which emerge  when  
the fluid dens i ty  g rad ien t  and the ex te rna l  field a re  
para l l e l  but  d i rec ted  oppositely.  An  a r r a y  of such 
cells is sketched in Fig. 4, toge ther  wi th  the e tching 
pa t t e rn  that  may  be expected on account of  these cells. 
La t e r  in this paper ,  we consider  this phenomenon in 
more  de ta i l  to exp la in  cer ta in  expe r imen ta l  results.  

To conclude this section, we devote some a t ten t ion  
to the possible Sherwood  numbers  (Sh)  that  can be 
ob ta ined  th rough  cent r i fugal  etching. Here the Sh 
number  is defined b y  

Sh -- ~L/(D~c) [5] 

where  r is the flux of dissolved produc t  and  L is a 
length  tha t  character izes  the  size of the active surface,  
e.g., the  hydrau l i c  radius.  To get  an ins ight  into the 
possible values  Sh may  at tain,  we appea l  to the resul ts  
obta ined for f ree-convect ive  mass t ransfe r  at  hor i -  
zon t a l e l ec t rodes  (12). If Ra is in the range 3 • 104 
Ra < 2.5 X 107, we have 

Sh --  0.64 Ra'/4 [6] 

Al though i t  is not  exp l ic i t ly  s ta ted in (12), i t  would  
seem tha t  both Ra and Sh in Eq. [6] are  based  on the 
width  L of the mass t rans fe r  area. 

The Ra range  of va l id i ty  of Eq. [6] is res t r ic ted  by  
the t rans i t ion  to tu rbu len t  flow (upper  bound)  and 
the inaccuracies  of l amina r  b o u n d a r y - l a y e r  theory  at  
smal le r  Ra numbers  ( lower  bound) .  The resul ts  of 
Golds te in  et al. (13) are ve ry  useful  to de te rmine  the 
Sh n u m b e r  in the lower  Ra range.  The corre la t ions  
es tabl ished b y  these authors  are  

l I  

e t c h  b a t h  
B6nard 
# cell-,L' 

e t c h  r a t e  e t c h a b t e  

s u r f a c e  

e t c h e d  cett  

Sh = 0.59 Ra I/, (Ra > 200) [7a] 

Sh = 0.96 Ra I/6 (Ra < 200) [Tb] 

It  should be  noted tha t  the ,characteristic length  used 
in Eq. [7a] and [7b] is de te rmined  by  dividing the 
a rea  of the mass t ransfe r  region by  its per imeter .  For 
long stripes,  this means tha t  the ha l f -w id th  should be 
taken,  On the o ther  hand, for  c i rcular  or  square  re -  
gions the q u a r t e r - d i a m e t e r  and the q u a r t e r - w i d t h  
should be used respect ively .  

It is t empt ing  to compare  the Sh -Ra  correla t ions  of 
Eq. [6] and [7] wi th  those re fe r r ing  to forced con- 
vect ion flows tha t  p reva i l  in je t  etching. The app ro -  
pr ia te  Sh -Sc -Re  corre la t ion  depends  s t rongly  upon 
the w a y  in which the e tchant  is forced onto and 
along the surface. Reference (9) presents  some of 
these correla t ions  which show tha t  for Ra _-- 104, the 
Sh numbers  that  fol low from Eq. [6] or  [7] are  
an order  of magni tude  smal le r  than the corresponding 
forced convection ones. However ,  as the holes become 
deeper,  the forced convection Sh numbers  wil l  r ap id ly  
drop to lower  values for reasons discussed before  (see 
discussion of Fig. 1). The na tu ra l - convec t ive  cor re la -  
tions, on the o the r  hand,  wi l l  r emain  valid.  Since free 
convection along ver t ica l  surfaces is more  effective in 
terms of mass t ransfe r  rates,  the f ree-convect ive  Sh 
numbers  m a y  even go up a l i t t le  bi t  as soon as a 
ver t ica l  s idewal l  of a l ength  comparab le  to the  hole 
wid th  has been deve loped  dur ing  the e tching process. 

Exper imenta l  
A beake r  containing the e tchant  was placed in a 

centr i fuge wi th  a m a x i m u m  rota t ion ra te  of  30 rps, 
which gave an art if icial  g rav i ty  of W or  - 500g at  the 
locat ion of the test  samples.  The appara tus  we used 
was a s imple  table  centr i fuge tha t  was or ig ina l ly  de-  
signed for the sp in  dry ing  of silicon wafers.  

The samples  were  mounted  on the top or  the bot tom 
surface of a glass ho lder  along which the e tchant  
could flow freely.  Dur ing  spinning,  samples  moun ted  
on the top of the ho lder  exper ienced  a posit ive,  i.e., 
i nward  d i rec ted  art if icial  gravi ty  wi th  respect  to the 
test  pa t t e rn  surface,  whereas  samples  fixed to the 
bot tom surface were  subjec t  to a nega t ive  (ou tward  
d i rec ted)  g rav i ty  at  the test  pa t t e rn  surface.  A sche- 
mat ic  pic ture  of the expe r imen ta l  setup is given in 
Fig. 5. 

A single expe r imen t  (__.25,000g) was car r ied  out  in 
an ul t racentr i fuge.  In  the l a t t e r  exper iment ,  we used a 
Teflon sample  holder ,  the shape and the size of which 
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Fig. 4. Binard cell flow pattern and resulting etching structure. 
(I) Initial flow pattern and etch rate distribution. (11) Sketch typi- 
fying a later stage of the etching process. 

Fig. S. Apparatus used in centrifugal etching. Case depicted 
refers to negative artificial gravity. The acceleration field is de- 
noted by a. 
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were  adap ted  to the  specia l  e longated  b e a k e r s  e m -  
p l o y e d  in an u l t racen t r i fuge  of the swing -ou t  t y p e .  
Again,  this  k ind  of cent r i fuge  was  not  spec ia l ly  d e -  
s i g n e d  for e tching purposes,  as i t  is used ex tens ive ly  
for  biological  sed imenta t ion  exper iments .  

In  o rde r  to inves t iga te  whe the r  the theore t ica l  con- 
s idera t ions  p resen ted  ea r l i e r  in this p a p e r  a re  valid,  
we took as test  samples  monocrys ta l l ine  (1,0,0) or ien ted  
n - type  GaAs slices as wel l  as magnes ium-bronze  
sheets  both  wi th  thickneases of 200 and 400 ~m. We 
used a tes t  pa t t e rn  of circles wi th  d iameters  ranging  
f rom 80 to 5000 ~m. The e tch res i s tan t  l a y e r  on GaAs 
was pyro l i t i c  SiO~ and on bronze the  so-cal led  C 
lacquer .  1 

The GaAs slices were  etched e i ther  wi th  a p re fe ren -  
t ia l  or  a nonpre fe ren t i a l  etchant .  The fo rmer  is ve ry  
sensi t ive to c rys ta l lographic  or ientat ion,  and  the e tch-  
an t  used (3,1,1) exhib i t s  the lowest  etch r a t e  o n  
(1,1,1) surfaces. 

3 vol par t s  CI-I3OH (methanol )  
1 vol  pa r t  HsPO4 (conc) 
1 vol pa r t  H202 (30%) 

The nonpre fe ren t i a l  e tchant  (5,5,2) had  the fol lowing 
composit ion 

5 vol par t s  H~PO4 (conc) 
5 vol par t s  H2SO4 (conc) 
2 vol  par t s  H202 (30%) 

At  the s ta r t  of  the exper iment ,  the t empera tu re  of the 
e tchant  was 20~ 

Results 
In  Table I, resul ts  wi th  GaAs per ta in ing  to the 

etched depths  have been summar ized .  The c i rcular  
areas  had  large  d iamete rs  compared  to the etched 
depths.  I t  should be noted tha t  the nonpre Ie ren t i a l  
e tchant  y ie lds  an ex t r eme ly  smooth  su rmce  finish 
(Fig. 6). 

Sheets  of bronze were  etched in a centr i fuge in 
aqueous solutions of FeCl~ wi th  s.w. 1.40 g / cm J and 
with  an art if icial  g rav i ty  ranging  f rom -t-500 to 
-25,000g. Resul ts  ob ta ined  f rom exper imen t s  in which  
the art if icial  g rav i ty  was di rec ted  away  f rom the test  
pa t t e rn  surface,  as wel l  as those where  the  art i f icial  
g rav i ty  was d i rec ted  inward ,  seem to confirm some of 
the theore t ica l  expectat ions.  

When  the g rav i ty  field was d i rec ted  toward  the test  
pa t tern ,  the e tched holes, wi th  d iameters  ranging  f rom 
80 to 5000 #m have pe rpend icu la r  s idewal ls  and flat 
bo t tom surfaces.  There  is no evidence of B~nard cell  
s t ruc tures  which are  character is t ic  for the negat ive  
g rav i ty  case (see be low) .  The undercu t t ing  amounted  
to about  one -ha l f  of the etched dep th  for  e tching t imes 
of up to 15 min. For  longer  etching times, i t  tends  to 
become equal  to the  e tched depth.  With  the  condit ions 
descr ibed  in Table  II  for the --  350g exper iment ,  the  

350g expe r imen t  showed etching depths  of app rox i -  
ma te ly  40 and 50 ~m for etching t imes of 15 and 30 
min, respect ively .  Af te r  90 rain of etching, the h o l e s  
were r a the r  de fo rmed  wi th  a m a x i m u m  dep th  of about  
100 ~m. 

Wi th  the g rav i ty  field d i rec ted  a w a y  f rom the test  
pa t t e rn  surface, we used accelerat ions  of - -  140, - -  350, 

~A polyvinylbutyral-based negative lacquer (made  by Phlltps 
for internal  use) .  

Table I. Effect of gravity field on etched depth (~m) after 
6 min etching of GaAs; hole diameter: 250 #m. 

Etchant Etchant 
Etching time: 6 rain 5,5,2 3,3,1 

Standing etchant  6 /zm 11/zm 
+ 350g 25 ~m 25 ~m 
- 350g 55 ~-n 50 izm 

Fig. 6. Smooth surface finish in GaAs (~350g); 70~C; 30 sec; 
etch bath 3:1:1 (H2SO4:H202:H~O). 

--500, and --25,000g. To achieve the la rges t  o f  t h e s e  
values,  we used an u l t racen t r i fuge  in a single ex -  
per iment .  A p a r t  f rom the e tching t ime, the depths  o f  
the holes ob ta ined  depend  on the art if icial  g r av i ty  a n d  
on or ig ina l  hole d iameter .  Since the thickness  o f  t h e  
bronze sheet  used was not  more  than  400 ~m, h o l e s  
which otherwise  would  have been deeper  c o u l d n o t  be 
measured.  The lower  values  given in  Table II  r e fe r  to 
holes wi th  a d i ame te r  of  100 #m. 

The 5000 ~m hole shows an except ion to this rule,  
as the average  etch ra te  drops cont inual ly ;  we a t -  
t r i b u t e  this unusua l  behav ior  to a t empe ra tu r e  effect. 
In Table III, resul ts  are  given for  var ious  etching 
t imes and hole diameters .  S ta r t ing  at  a r a the r  high 
value,  the e tch ra te  remains  v i r t ua l ly  constant  f o r  
t imes las t ing up to 90 min. The e tch ra te  of FeCls in a 
s tand ing  e tchant  is 1 ~m/min  for  hole d iamete rs  ~-- 
100 ~m. The etch ra te  p roduced  in the u l t racen t r i fuge  
(--25,000g) was --~ 40 ~ m / m i n  for  a hole d i ame te r  o f  
250 ~m and 13 ~m/min  for  a hole d iamete r  of 10C #m. 

Wi th  art if icial  g rav i ty  d i rec ted  outward ,  we ob-  
served B~nard cell s t ructures .  F igure  7, which refers  
to a shor t  e tching t ime and therefore  sha l low etching, 
c lea r ly  shows the hexagona l  s t ruc ture  charac ter i s t ic  o f  
B~nard cells. This pa r t i cu la r  expe r imen t  was car r ied  
out in - -350g.  The average  size of the cell  is about  
100-200 ~m. Smal le r  d i ame te r  holes e tched unde r  t h e  
same expe r imen ta l  condit ions showed a s imi lar  cell 
pat tern ,  the  average  cell  size being again  app rox i -  

Table Ih Effect of gravity field and etching time on the etched 
depth (#m) of bronze; hole diameters: 100-1000 ~m. 

Etching t ime 

Artificial gravity 7.5 rain 15 rain 60 rain 

+ lg  20 
-- 140g 100 100-300 
-- 350g 50 100 120-400 
-- 500g 125 160-400 
- 25,o00g 2O0-4O0 

Table IlL Average etch rate (~m/min). Etch depth (,~m) per min 
for an artificial gravity of --350g; bronze. 

Etching t ime 
used for 

averaging (in rain) 

Initial hole diameter (~m) 

5000 500 250 100 

7.5 17 7 6 8 
30 13 3.5 3.5 2 
60 7 3.5 3.5 2 
90 4.5 3.5 3.5 2 
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Fig. 7. Binard cell structure (bronze, --350g); etching time, 15 
min; etchant, FeCIB; s.w., 1.35. 

mate ly  100 #m, indica t ing  tha t  this is a length  charac-  
ter is t ic  for the p reva i l ing  etching conditions.  Al though  
the hexagona l  s t ruc ture  d isappears  as l a rge r  depths  
are  reached,  the cells remain ,  the i r  appearance  be-  
coming more  rounded.  Smal l e r  holes, wi th  a d i ame te r  
only  a few t imes the  character is t ic  length,  exhib i t  a 
r ing- l ike  series of d e e p  holes showing a p i l l a r - l i ke  
s t ruc ture  in the  middle  (Fig. 8-10). Below hole d i am-  
eters  of 150 ~m, the mul t ice l l  phenomenon d isappears  
for  reasons tha t  should be obvious. F igure  11 shows a 
cy l indr ica l  hole of 100 ~m d iamete r  e tched th rough  a 
sheet  tha t  was 200 #m thick. 

A simplif ied p ic ture  of the type  of fluid flow tha t  
can be expected  due to the  B~nard phenomenon  is 
shown in Fig. 4, where  a l inea r  a r r a y  of B~nard cells 
is shown. Typica l ly ,  the  width  and the he ight  of a 
pa r t i cu la r  cell  a re  of the same o rde r  of magni tude .  
The etch ra te  wil l  be larges t  where  downward  d i rec ted  
fluid reaches the e tchable  surface.  I t  wi l l  be lowest  
where  the  s t reaml ines  are  d i rec ted  a w a y  f rom the 
surface. Clearly,  t h e  e tched cells wi l l  be app rox i -  
ma te ly  twice as l a rge  as the B~nard fluid cells. The 
ideal  p ic ture  ske tched in Fig. 3 refers  to the case 
when  exac t ly  two B~nard ceils fit into the  cavity.  

In  the  single expe r imen t  car r ied  out  at  --25,000g, 
a s imi la r  ce l lu lar  s t ruc ture  could be observed,  a l -  
though the phenomenon  was not  ve ry  dist inctive.  The 
cells appeared  to have a d i ame te r  tha t  was about  
one -qua r t e r  of  those resu l t ing  f rom the - -350g  e x -  

Fig. 9. Cellular pattern (OHW 350 #m. Bronze, --350g). Etching 
time: 1 hr; etchant: FeCI~; s.w.: 1.39. 

Fig. 10. Side view showing central pillar. Hole same as that of 
Fig. 9. (Bronze, --3S0g.) 

Fig. B. Cellular pattern. Original hole width (OHW): 200 #m. 
(Bronze, --350g.) Etching time: 1 hr; etchant: FeCl~; s.w.: 1.39. 

Fig 11. Cylindrical hole in bronze (width: 100 ~m, depth: 200 
~m, --350g). Etching time: 15 min; etchant: FeCI3; s.w.: 1.35. 

per iment .  F igure  12 shows a hole wi th  a d iamete r  
s l igh t ly  la rger  than 100 ~m. The bo t tom contains a 
great  many  cells; however  the cells are  r a the r  vague. 
At  - -350g,  the same hole shows on ly  a single cell  
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Fig. 12. Cellular pattern at --25,000g (OHW 120 /~m, bronze). 
Etching time: 15 min; etchant: FeCI~. 

and that  would have filled the ent i re  cavity.  P i l l a r  
format ion  ev iden t ly  depends  upon the .characteristic 
cell  size; the l a rge r  the art if icial  g rav i ty  appl ied,  the 
smal le r  the hole d iamete r  is tha t  reveals  the phenome-  
non. 

Despite these cells, the undercutting of the photo- 
resis t  was ve ry  slight.  When  the sheets  were  etched 
through,  no evidence of the cell  s t ruc tures  was left, 
as the wal ls  were  smooth.  Table  IV gives a s u m m a r y  
of the  ra t io  of undere tch ing  to e tched depth  for  
var ious  art if icial  gravit ies .  This rat io  appears  to be in-  
dependen t  of hole d iameter .  F rom the single expe r i -  
ment  car r ied  out  in the u l t racent r i fuge ,  we t en ta t ive ly  
conclude tha t  the etch factor  can even be much 
sma l l e r  under  ex t r eme  accelera t ion  .conditions. At  
--25,000g, the etch factor  appeared  to be on the o rde r  
of 0.05. 

Al though etch ra te  and undercu t t ing  seem to have  
a more  or  less r egu la r  behavior  as a funct ion of hole 
d i ame te r  and  o ther  pa rame te r s  ment ioned,  i t  s imply  
occurred too .often to be considered accidenta l  that ,  for  
hole d iameters  in the range 100-160 ;~m, the etch ra te  
was c lear ly  h igher  than  tha t  of both  sma l l e r  and l a rge r  
holes. In  15 min, we etched a hole 200 #m deep with  a 
d i ame te r  of 100 ~m holes. Holes of 40.0 ~m deep with  a 
d iamete r  of 140-160 ~m were  etched in 30 min. The 
walls  of these holes were  as perfect  as al l  the o ther  
holes ob ta ined  dur ing  the same exper iments .  

When holes had  been etched th rough  comple te ly  
before e tching stopped, an increase of the  hole d i ame-  
te r  occurred in the lower  pa r t  of the holes. F igures  
15 and 16, which  refer  to resul ts  obta ined  in the u l t r a -  
centr ifuge,  c lea r ly  show this phenomenon.  

Discussion 
The expe r imen ta l  resul ts  p resented  in this exp lo ra -  

tory  pape r  c lear ly  indicate  tha t  some r e m a r k a b l e  re -  
sults m a y  be obta ined  by  centr i fugal  etching. I t  would  
seem tha t  re la t ive  e tching depths  can be reached 
that  a re  s imply  not ob ta inable  by  the t rad i t iona l  
methods  of jet ,  spray,  and film etching. The degree  
of undercu t t ing  is e x t r e m e l y  low b y  o rd ina ry  s tan-  
dards.  In  many  instances, our  cen t r i fuga l  etching 

Table IV. Underetching--depth etching ratio for various artificial 
gravities and etching times: bronze. 

E t c h i n g  t i m e  

Ar t i f i c i a l  g r a v i t y  15 ra in  60 r a in  90 min 

solid malerial 
Fig. 13. Diffusion field in a standing etchont. The density of the 

dots denotes the concentration level of reaction products. D is the 
diffusion coefficient and t is the time. 

~a elchanl 

/ elch resisl solid material 
Fig. 14. The squeezing of reaction products against the substrate 

by means of an applied acceleration field a. It is assumed that 
reaction products are heavier than pure etchant. 

procedure  gave holes tha t  were  a lmost  cyl indr ical ,  the  
e tched depth  being cons iderab ly  l a rge r  than the final 
hole diameter .  In an u l t racent r i fuge ,  etch ra tes  m a y  
be achieved tha t  a re  even l a rge r  than  those ob ta ined  
by  o rd ina ry  j e t  e tching methods.  Al l  these r e m a r k a b l e  
resul ts  were  obta ined  when the art if icial  g rav i ty  was 
point ing away  f rom the surface being etched. 

Inward-directed artificial gravity.~On the o ther  
hand, when the accelera t ion  field was point ing inward ,  
e x t r e m e l y  smooth surface finishes were  seen. The 
etched bot toms were  ve ry  flat, bu t  now undercu t t ing  
was not  negligible.  Still ,  the  etch ra te  p roved  to be a 
fa i r  bi t  h igher  than  tha t  obta ined  in a s tand ing  e tch-  
ant. As an explanat ion,  we might  ven ture  the fol -  
lowing. 

With  inward  d i rec ted  art if icial  gravi ty ,  the reac t ion  
products  a re  squeezed against  the surface, the po l lu ted  
l aye r  becoming almost  one-d imens iona l ly  strat if ied 
(Fig. 14). In the absence of the accelera t ion  field, the 
etching products  would  have assembled in a semi-  
spher ica l  s lowly  expand ing  diffusion region (Fig. 
13), the  thickness of which  would  be on the o rde r  of 
the diffusion length  (Dr)'/2. Since pol lu ted  e tchant  was 
assumed to be more dense than  pure  etchant ,  this 
semispher ica l  region cannot  be ma in ta ined  in a force 
field that  acts on the mass of a substance.  Therefore,  
the po l lu ted  e tchant  wi l l  spread  out  over  the surface  
which is " lowest"  in the field, much as a l aye r  of cold 
a i r  would  spread  out over  the surface of the earth.  
The one-d imens iona l  s t rat i f icat ion of the fo rmer  case 
(wi th  i nward  d i rec ted  force field appl ied)  leads to an 
effective diffusion length  tha t  is much smaller ,  where  
the  diffusion length  could be defined as the dis tance 
over  which the concentra t ion  drops  to 50% of its 

- -  140g 0.13 0.13 
- 350g  0.13 0 .12 0.10 
- 500g 0.12 0.~)8 
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highest value. As the etch rate is inversely propor-  
t ional to the effective diffusion length, we may under -  
stand that  etching will then  proceed more rapidly. 
Evidence for this can be found in Table I where the 
application of a positive field led to an etch rate that 
was at least two times larger than that  observed in  a 
s tat ionary etchant. 

The smoothness of the surface finish observed in 
the positive, inward  directed gravi ty  case could be 
explained as follows. Dur ing  etching, gaseous products 
may be created at the surface. In case these products 
are not dissolved completely, t iny gas bubbles wil l  
appear. If these remain  attached to the wall, a coarse 
etched surface will be obtained. A strong positive field 
will pull  these bubbles away from the surface the 
moment  they appear, and a smoother etching process 
is obtained. 

B~nard cells.--Returning now to the negative grav-  
i ty case, it would seem that  the most favorable con- 
ditions for fast deep etching exist when  the hole 
diameter  is just  a little over the characteristic length 
given by the B~nard cell size. As we said before, for 
a given etching system, the cell size is fully deter-  
mined  by the magni tude  of the artificial gravity. 
From the experiments  on bronze in an  FeC13 envi ron-  
ment,  performed at -- 350 and --25,000g, respectively, 
we found a reduct ion of the cell size from ~ 120 to 

30 #m. Since the etching systems were the same in  
the two cases, this means that  the Ra n u m b e r  based 
on cell size (Eq. [2] ) was the same in  both experi-  
ments. Referr ing to the classical theories of Rayleigh- 
B~nard ins tabi l i ty  (14), we conclude that there is 
a critical Ra number  at which convection sets in in a 
horizontal ly stratified fluid. This value of Ra is in the 
neighborhood of 1000. If this theory applies to the 
present  case, we have a means of de termining  the 
correct acceleration needed to etch a given hole in 
an optimal sense. The required acceleration is 

a = a r ( l r / / )  3 [8]  

where ar and Ir are values obtained from an experi-  
men t  that was carried out for reference purposes, and 
I is the given hole diameter.  If Eq. [8] is applied to 
the two experiments  ment ioned earlier in this para-  
graph, we readily find that  the values ar -- 350g, a = 
25,000g, lr = 120 ~m, and I = 30 ~m do satisfy Eq. [8] 
to a remarkable  extent. Here it  should be realized that  
the values of lr and l were read directly from the 
photographs of Fig. 7 and 12 and are only correct in 
an approximate sense. 

Etch rates: a comparison between theory and ex- 
periment.--We shall  now investigate how the etch 
rates as shown in  Table II can be explained with a 
view to the theoretical etch rates as expressed by Eq. 
[7]. In using Eq. [7], one should take into considera- 
tion that this equation is applicable only when  the 
etching process has not yet proceeded to depths that  
are larger than the original width of the cavity. In -  
deed the exper iments  that led to Eq. [7] (13) were 
done on nonetchable  s ta t ionary surfaces. When etch- 
ing has proceeded to greater  depths, the motive force 
a t t r ibutable  to free convection along vertical surfaces 
will dominate the etching process and a different 
(probably larger) Sh n u m b e r  will  be obtained. 

Another  complicating factor that  may hamper  a 
correct judgment  of the relative etch rates is to be 
found in the heat production that will occur dur ing  
many  etching processes. If the etchable area is much 
larger than  the thickness of the sheet, the main  par t  
of the produced heat has to be carried off to the 
fluid, conduction through the sheet being only of 
minor  importance. On the other hand,  if the holes are 
relat ively small, conduction may well be the main  
cooling factor, especially if the sheet mater ia l  is a good 
heat conductor such as bronze. In  the former case, only 
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one mode of heat transfer is present, and we may 
expect higher temperatures and consequently higher 
etch rates. Table III presents some evidence for this 
phenomenon, as the etch rate observed for the 5000 
~m hole is significantly above that  for the smaller  
holes. 

With the provisos of the previous paragraph in 
mind, we may still a t tempt  to explain the e tch-depth 
variations presented in Table II. Since the Sh number  
is a measure of the ratio of the actual overall  mass 
t ransport  on the one hand and mass t ransport  solely 
due to diffusion on the other, it will  have a value of 
about  one when st i r r ing is absent or only very moder-  
ate. in  Eq. [7a], we see that Sh is in the range of 3.5 
to 6 when the Ra number  varies in  the range of 10 s- 
104 . The etched depths given in Table II (15 rain 
column) for the s tanding etchant and centr i fugal  ones 
of down to -- 500g do seem to confirm this range of 
values. An estimate of the true value of the Ra 
number  may be obtained as follows. As postulated 
above, in each centr ifugal  case, the value of Ra based 
on the width of the B~nard cell (half the width of the 
etched cell) is around 103. In  the case of -- 500g, this 
size is Ib ~ 60 ~m. For round holes, the Ra n u m b e r  of 
Eq. [7a] was based on the quar te r -d iameter  (13). 
The Ra n u m b e r  can therefore be estimated as follows 

Ra : 103 (l/41b) ~ [9] 

where l is the diameter  of the hole. 
When comparing the etch rates obtained under  

different centr ifugal  conditions, one should be careful 
always to use holes of the same original  diameter,  
since a rule such as Eq. [7a] gives the overall  mass 
t ransfer  from the hole. In actual fact, it is the mass- 
flow density (see Eq. [5]) that determines the etch 
rate. If we enter  L = I/4 in [5], which is in accord 
with the conditions of Ref. (13), we may obtain from 
Eq. [7a] and [9] 

r = 4.7 D (~c)/-V4/b-S/4 [10] 

which shows a ra ther  weak dependence upon the size 
of the cavity. The dependence upon Ib, the size of the 
B~nard cell, however, is ra ther  strong. If two holes 
of the same size are etched with different centr ifugal  
accelerations, the etch rate can be compared with the 
following rule 

~bl/~b 2 - -  [ ( I b ) 2 / ( / b ) l ) ]  s/4 --" (al/a2)'14 [11] 

where the last equal i ty  follows upon an application 
of Eq. [8]. If we apply Eq. [11] to the results pre-  
sented in the 15-min column of Table II, taking the 
result  for - -500g as a reference, we find an etched 
depth of 91 ~m for - - 1 4 0 g ,  114 #m for --350g, and 
330 ;~m for --25,000g. The observed values cannot be 
overly accurate, as it is impossible to define the exact 
depth of a cavity when  the bottom is quite uneven.  
Nevertheless, there is a good correspondence between 
theory and experiment.  In  part icular ,  it is satisfying 
to find that  the depth predicted by  Eq. [11] for 
-- 25,000g is in the range of the observed values. 

That  the etch rate as expressed by Eq. [10] is only 
weakly dependent  upon the width of the cavity, [i.e., 
as long as the cavity is wider  than 2/b] is an added 
advantage of the centr ifugal  etching technique over 
pure diffusion etching. In a s tanding etchant, the etch 
rate is dependent  upon the ini t ia l  size of the cavity, 
i.e., the area of the etchable region. When the etched 
depth has become much larger than the ini t ial  hole 
diameter,  the etch rate will have dropped to values 
that are much lower than those prevalent  in the ini t ia l  
stages of the etching process. Obviously, this phenom-  
enon wil l  occur earlier when  etching smaller  holes. 
Therefore, a s imultaneous etching of holes of differ- 
ent sizes may present  problems if equal  depths are 
required in the end. Jet  etching, as we ment ioned in 
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Fig. 15. Abnormal etching at the underside after complete etch- 
through has occurred (bronze, --25,000g). 

Fig. 16. Blow up of second cavity from the left in Fig. 15 (width: 
400 ~m; bronze, --25,000g). 

the first section will also present problems here, as 
the etch rate will drop drastically when a depth 
comparable to the hole width has been reached. Cen- 
trifugal etching may offer a way out when care is 
taken that at least two B~nard flow cells fit into the 
smallest of the holes. 

Abnormal etching after etch-through.--To explain 
the phenomenon shown by Fig. 15 and 16, we should 
realize the following. As soon as etch-through occurs, 
the concentration boundary layer acquires a definite 
leading edge. From the literature on boundary layers 
(1), we know that the largest normal gradients (for 
instance, that relating to mass transfer) occur at and 

close to the leading edge. In o u r  case, this must 
necessarily lead to a rapid sideways etching. This 
process clearly does not stop when the bottom has 
been etched away. Eventually, the shape of the side- 
wall will reflect the distribution of the mass transfer 
coefficient at the wall. Due to the special nature of this 
phenomenon, its occurrence is independent of the fact 
whether or not a photoresist layer covers the other 
side of the substrate. The only cause for its existence 
is that fresh etchant now hits the lower edge of the 
sidewall first. If the bottom is open, fresh etchant 
will be pulled in from behind the substrate. If a 
photoresist provides a permanent cover of the other 
side of the substrate, fresh etchant will be brought in 
through the orifice, then down through the center and 
along the photoresist cover toward the sidewall. 

In conclusion, it is clear that our preliminary etch- 
ing results do not give a complete picture of the capa- 
bilities of the centrifugal etching technique. Never- 
theless, they do indicate that centrifugal etching can 
be a new and powerful tool in material technology. 
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