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Anodic Etching of Defects in P-Type Silicon 
H. Fi~ll 

IBM Thomc~s J. Watson Research Center, Yorktown Heights, New York  10598 

ABSTRACT 

A new etching technique for  p - t y p e  Si has been deve loped  which  com- 
bines the  advantages  of chemical  e tching and EBIC. The method  is e lec t ro-  
chemical  in na tu re  and the sil icon sample  is b iased as the anode in an e lec t ro-  
chemical  cell. The etching behav ior  of defects is governed by  the magni tude  of 
the  app l ied  voltage. At  low vol tages only e lec t ronica l ly  act ive defects a re  
e tched and the etching pa t t e rn  corresponds to an EBIC image  of the same area. 
A t  h igher  vol tages al l  defects  a re  etched and the etching behavior  resembles  
chemical  etching. The method  offers considerable  advantages  as compared  to 
EBIC and chemical  etching. 

P re fe ren t i a l  chemical  e tching of defects in Si c rys-  
ta ls  wi th  special  chemical  solut ions ("etches")  has 
been the most  impor t an t  technique for revea l ing  de-  
fects in  c rys ta l l ine  Si. An  etching solut ion based on 
t h e  HF-CrO3 sys tem which was first in t roduced by  
S i r t l  and  Ad le r  (1) has been wide ly  used in its 
or ig inal  form or  in modified versions (2-4) but  etches 
based on the HF-HNO3 system are  also used (5, 6). 

Despi te  the  widespread  use of these etches, i t  is 
not  unders tood exac t ly  how they  work, i.e., why, 
under  cer ta in  circumstances,  they  a t tack  cer ta in  de-  
fects wi th  an e tching ra te  different  f rom that  of the 
per fec t  crystal .  This is i l lus t ra ted,  e.g., b y  the re -  
m a r k a b l e  difference in the  etching behavior  of the 
Si r t l - ,  Secco-,  and Se i t e r -e tch  (1, 2, 4), al l  of which 
are  based on the HF-CrO3 system: whereas  S i r t l  etch 
works  best  on {111} planes  and not  on {100} planes,  
the  Sei ter  etch is sensi t ive to al l  c rys ta l  planes  except  
the  {111} plane.  Final ly ,  the Secco etch works  on 
al l  c rys ta l  planes.  

This lack  of un ive rsa l i ty  of most  etches is no majo r  
d r a w b a c k  for  the  purpose  of defect  de l ineat ion  in 
s ingle crysta ls  of Si because the crys ta l  or ienta t ion  
and the k inds  of defects which might  be presen t  usu-  
a l ly  a re  known. Thus the  proper  etch can be chosen 
and f ine- tuned to the specific appl ica t ion  wi thout  
ma jo r  p roblems  [see Ref. (7) for an example] .  

The s i tuat ion has changed with  the  advent  of po ly -  
c rys ta l l ine  Si for  photovol ta ic  appl icat ions  in recent  
years.  Nei ther  the  or ienta t ion  of var ious  grains  nor  
the  na tu re  of defects to be expected  is known:  al l  
k inds  of dislocations, s tacking faults,  low-  and h igh-  
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angle gra in  boundaries ,  and precip i ta tes  of impur i t i e s  
m a y  be p resen t  s imul taneously .  Appl ica t ion  of s tan-  
dard  etching procedures  thus may  leave defects un -  
detected or give different  responses in different  grains. 
Moreover,  the response of gra in  boundar ies  to the 
var ious  etches is not known. 

Chemical  e tching gives in format ion  about  the pres -  
ence of cer ta in  defects, but  no informat ion  about  
the i r  electronic act ivi ty.  Because the  l a t t e r  is the  
most in teres t ing p rope r ty  of defects wi th  respect  to 
photovoltaics,  addi t ional  exper imen ta l  methods  such 
as scanning microscopy in the  e l ec t ron -beam induced 
cu r ren t  (EBIC) mode have  to be employed  if e lec-  
tronic proper t ies  a re  to be studied. 

This paper  proposes a new etching method  for 
p - t y p e  sil icon which is based on e lec t rochemical  
methods.  I t  exploi ts  the difference be tween  the e lec t ro-  
chemical  potent ia l  of defects and the silicon matr ix .  
Therefore,  e tching features  can be re la ted  to electronic 
proper t ies  of defects. The same informat ion  about  
defects as obta ined in EBIC measurements  can be 
derived,  mak ing  this method especia l ly  sui ted  for 
the  evaluat ion  of po lycrys ta l l ine  Si. The method  can 
be eas i ly  ex tended  to a l l  k inds  of p - t y p e  Si  crys ta ls  
and poss ibly  to other  semiconductors .  

Background: Electrochemistry of Silicon 
If  Si is anodica l ly  biased in an e lect rochemical  cell 

and a sui table  e lec t ro ly te  is used, i t  wi l l  dissolve wi th  
a ra te  propor t iona l  to the  cur ren t  dens i ty  (8-10). 
I t  has been shown tha t  the dissolution process requi res  
holes, therefore  only  p - t y p e  Si wi l l  dissolve anodica l ly  
wi th  ease. The s i l icon-e lec t ro ly te  in ter face  behaves  in  
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m a n y  respects  l ike  a Schot tky  diode which is for -  
w a r d l y  biased for  p - t y p e  Si and  r eve r se ly  biased for  
n - t y p e  Si. Consequently,  even wi th  a r a the r  high 
vol tage appl ied  to the e lec t rochemical  cell, n - t y p e  
Si wil l  not dissolve r ap id ly  and the cur ren t  dens i ty  
wil l  be smal l  (corresponding to the leakage  cur ren t  
of a r everse ly  b iased diode) .  A space-charge  region 
is bui l t  up at  the S i -e lec t ro ly te  in ter face  and any  
defects  p resen t  in this  l aye r  which  are  able  to genera te  
holes, m a y  local ly  enhance the cur ren t  dens i ty  and 
thus the  e tching rate .  This effect is known to provide  
a va luable  tool for etching "e lec t ronical ly  act ive" 
defects  and  has a l r eady  been ment ioned by  Turner  
(8). Anodic  etching of n - t y p e  GaAs has indeed been 

used for  some t ime for defect  detect ion and was shown 
to offer considerable  advantages  over  chemical  e tching 
(11-13), but  not  unt i l  r ecen t ly  was i t  app l ied  to the  
charac ter iza t ion  of defects in n - t ype  Si (14). 

Anodic  etching of defects in p - t y p e  semiconductors  
has not  been a t t empted  so far. Since holes are  the  
m a j o r i t y  car r ie rs  in this case, no influence of defects  
on the cur ren t  dens i ty  was expected.  Moreover,  a 
l aye r  of so-cal led porous Si (8, 15) is f r equen t ly  
formed on the etched surface and this was bel ieved to 
mask  possible p re fe ren t i a l  etching of defecta (14). 
While  this is t rue  for bias vol tages  la rger  than a few 
volts, i t  wi l l  be shown in this paper  tha t  a t  low bias 
vol tages a ve ry  pronounced  etching of defects occurs. 
In  this case the sil icon ha l f -ce l l  is opera ted  a round  or  
be low the threshold  vol tage for  cu r ren t  flow in the  
fo rwa rd  direct ion (in the  diode p ic ture  of the ha l f -  
cell)  and the presence of defects can subs tan t ia l ly  a l t e r  
the  cu r ren t -vo l t age  character is t ic  of the  S i -e ]ec t ro ly te  
"diode." Moreover,  the  etching ra te  for a given defect  
is ve ry  sensi t ive to changes in the appl ied  vol tage  
and it is different  for defects wi th  different  electronic 
propert ies .  Therefore ,  by  va ry ing  the appl ied  vol tage  
i t  is possible  to probe  the specimen for  defects  wi th  
different  e lectronic  activit ies.  

Experimental 
A ve ry  s imple exper imen ta l  setup was used for  

the  presen t  work. The e lect rolyt ic  cell consisted of a 
plas t ic  beaker ,  and a P t  wi re  was used as the  ca thode 
of  the  system. The solut ion was agi ta ted  by  a magnet ic  
s t i r re r  and etching was usua l ly  pe r fo rmed  at  room 
t empera tu r e  in the  dark.  No reference  electrodes 
were  used and measurements  of currents  and vol tages 
were  made  wi th  typical  ( low impedance)  l abo ra to ry  
ins t ruments .  

The specimens used were  po lycrys ta l l ine  silicon ob-  
ta ined by  unid i rec t ional  solidification (16) wi th  a 
res i s t iv i ty  of ~10-20 12cm and silicon r ibbons (17) 
wi th  a res is t iv i ty  of ~1-2  ~cm. The specimens were  
mounted  on a meta l  s t ick and the back side contact  
was made  by  a drop of l iquid Ga- In  alloy. A good 
back side contact  was found to be essential;  ea r l ie r  
exper iments  using carbon-  or  s i lve r -pas te  y ie lded  i t -  
reproduc ib le  results.  The specimen holder  and the 
edges of the specimen were  then  covered wi th  wax  
so that  only  the  surface of the  specimen was exposed 
to the electrolyte .  The e lec t ro ly te  was HF [49%] 
di lu ted  wi th  a 50:50 mix tu re  o f  dis t i l led wa te r  and 
absolute  e thanol  so tha t  the  H F  concentra t ion was 
typ ica l ly  1-10%. If  wa te r  a lone was used as a di lutant ,  
the  e tching was of ten inhomogeneous and spot ty  in 
appearance,  p robab ly  because of wet t ing  problems.  
A constant  vol tage  power  supp ly  was used and the 
vol tage  appl ied  ranged f rom --0.5 to 4-20V. The smal l  
negat ive  voltages st i l l  b iased the silicon anodica l ly  
because the  bu i l t - in  vol tage of the P t -S i  cell  was 
a round  0.7V. 

Some of  the  specimens were  subjec ted  to e]ec t ron-  
beam induced cur ren t  (EBIC) measurements  in a 
scanning e lect ron microscope (18). The Schot tky  con- 
tact  necessary  to app ly  this technique was made by  

evapora t ing  40-50 nm of Ti on the ca re fu l ly  c leaned 
sample  surface. 

Results 
General observations.--The open-c i rcu i t  vol tage  of 

the  P t - H F  [5%]-S i  sys tem is about  0.7V; the si l icon 
e lect rode is the posi t ive t e rmina l  of the cell. A typica l  
cu r ren t -vo l t age  curve is shown in Fig. 1 for poly-Si .  
P re fe ren t i a l  e tching of defects  can be achieved in the  
region be tween  --0.7 and ,~2V. F igure  2 shows an ex-  
ample  to i l lus t ra te  the  e tching qual i ty .  The po ly -S i  
specimen was etched ,~40 min  at  0V bias vol tage 
( shor t -c i rcu i ted  ce l l ) ;  the  cur ren t  dens i ty  was ~1.3 
m A / c m  2 and ~3  ~m of Si was removed  dur ing  etching. 
Dislocations and gra in  boundar ies  a re  c lear ly  visible;  
the  dislocat ion etch pits  a re  usua l ly  round  or  e l l ip t ica l  
and  can be ve ry  ex tended  for dislocations runn ing  
nea r ly  para l l e l  to the  surface. A n y  surface damage  is 
also revea led  because only  the  top l aye r  of the crys ta l  
was removed.  
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Fig. 1. Current-voltage characteristic for poly-Si in 5% HF. The 
inset shows the current-voltage characteristic for small voltages 
an a linear scale. 

Fig. 2. Example of anodically etched poly-Si (40 min at OV bias) 
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If  a posi t ive vol tage  >2V is applied,  only  gra in  
boundar ies  a re  revea led  (Fig. 3). If  the  vol tage  is 
fu r the r  increased,  e lec t ro-pol i sh ing  wil l  even tua l ly  be -  
gin (around 15V, e.g., for po ly -S i  in a 5% H F  solution) 
and the surface appears  to be s t ructureless .  

The vol tage  regions wi th in  which  these character is t ic  
fea tures  a re  observed depend somewhat  on the H F  
concentra t ion and on the res is t iv i ty  of the samples. 
Higher  H F  concentrat ions  and lower  resis t ivi t ies  tend 
to shif t  the  "cri t ical"  vol tages  to h igher  values.  

I t  is impor t an t  to note tha t  g ra in  boundar ies  may  
be  vis ible  a f te r  e tching ( including p u r e l y  chemical  
e tching)  for two unre l a t ed  reasons:  t hey  may  be  
p re fe ren t i a l ly  etched, i.e., a groove is fo rmed (Fig. 4a) 
or  they  m a y  be out l ined as a step be tween  two grains 
because the etching ra te  in the  two grains  was di f -  
ferent  (Fig. 4b).  In  general ,  a mix tu re  be tween  groove 
and step wil l  p reva i l  (Fig. 4c). I t  is only  when an 
etch groove is formed tha t  the  bounda ry  can be 
considered to be t ru ly  etched. I t  is not  a lways  possible 
to dis t inguish be tween  the th ree  cases but  a decision 
can f requen t ly  be made  if the etch pa t t e rn  is suf-  
f iciently developed and a microscope wi th  in te r fe rence  
or  Nomarsk i  contras t  is used at  modera te  magnif ica-  
t ions (~200-800 • ). 

Fig. 3. Example of anodically etched poly-Si (1 min at 5V bias 
voltage). 

/ Y a 

At low vol tages the sil icon surface is a lways  covered 
wi th  a th in  l ayer  of so-cal led porous Si (8, 15). This 
film most ly  appears  as a homogeneous l aye r  d i sp lay ing  
b r igh t  in ter ference  colors. Grains  wi th  different  o r ien-  
ta t ions m a y  be out l ined  dis t inc t ly  by  this film because 
they  appear  in different  colors due to a different  film 
thickness.  The etch pa t t e rn  is vis ible  th rough  this 
film; i t  is however  advantageous  to remove  i t  by  
t rans fe r r ing  the specimen to a 1% solut ion of H F  
and by  apply ing  a vol tage of ~-,7V for 1-2 min. This 
t r ea tment  wil l  a lways  remove the colored l aye r  wi th -  
out  changing the etching pa t t e rn  as has been ascer -  
ta ined  in numerous  cases. Other  methods  for removing  
the porous silicon l aye r  a re  ment ioned in Ref. (15) 
and m a y  work  as well,  a l though they  have not  been 
t r ied  in this case. Sometimes,  pa r t i cu la r ly  at  ve ry  
low or negat ive  bias voltages, a rough- looking  b rown-  
ish surface appears  ins tead of the colored film. This 
film could not be comple te ly  r emoved  by  the above 
t r ea tmen t  and the surface remains  somewhat  rough 
and covered wi th  many  smal l  pits. This can be dis-  
tu rb ing  but  does not  ser iously in te r fe re  wi th  ~he defect  
etching pat tern .  

The voltage dependence o~ preferential etching.-- 
In  the  low vol tage  region ( - -0 .7 -~2V)  the etching 
behavior  of defects is s t rongly  vol tage dependent .  
F igure  5 shows" d i rec t ly  ne ighbor ing  par t s  of a silicon 
r ibbon etched at  0V (Fig. 5a), --0.4V (Fig. 5b),  and 
+0.5V (Fig. 5c) for  10, 20, and  5 min, respect ively.  
Whereas  i t  is safe to say tha t  the na tu re  and spa t ia l  
d is t r ibut ion  of defects did not  change cons iderably  in 
those par ts  of the sample  probed  at  the three  different  
voltages,  the etching pa t te rns  look qui te  different.  
Especia l ly  if  a smal l  nega t ive  vol tage  is appl ied  to 
the  sil icon e lect rode (in o rder  to reduce the open-  
circui t  vol tage)  many  of the ( twin)  boundar ies  which 
were  etched at  0 and +0.5V are  no longer  revealed.  
Dislocations, however ,  a re  st i l l  p r e fe ren t i a l ly  e tched 
and the i r  densi ty  and d is t r ibut ion  in Fig. 5b corres-  
ponds per fec t ly  to those in Fig. 5a and c. Etching at  
0 and +0.SV produces  s imi la r  pa t te rns  bu t  d is loca-  
tions running  nea r ly  para l l e l  to the specimen surface 
are  be t te r  revea led  at  +0.5V than  at  0V. These dis-  
locations are  also etched qui te  n ice ly  in Fig. 5b. They 
are  shorter ,  however,  because in this case only  -~0.4 
~,m of Si has been removed  as compared  to ,~2.1 ~ra 
at  0V and ~-1.4 ~m at +0.5V. The sensi t iv i ty  of the  
p re fe ren t i a l  etching, i.e., the  ra t io  be tween  the e tch-  
pi t  size and the amount  of silicon which was dissolved, 
decreases wi th  increas ing voltage.  At  a vol tage  of 

b 

Fig. 4. Schematic outline of possible etching features at grain 
boundaries. 

Fig. 5. Anodlcally etched Si-ribbon at (a) +O.SV, (b) OV, qnd 
(c) --0.4V. 
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Fig. 6. Si ribbon etched at 5V. In (a) dislocation etch pits are 
still visible whereas in a neighboring area dislocations are no 
longer revealed. 

5V only steps at grain boundaries are left. Figure 6a 
shows an in termediate  case: pronounced steps have 
been formed at the boundaries but  dislocations are 
only revealed as very small  pits. In  neighboring 
grains dislocations are no longer etched at all, showing 
that the changeover is somewhat orientat ion depen-  
dent  (Fig. 6b). 

Geometrical ly shaped etch pits [as found, e.g., with 
Sirtl  (1) or Wright  (3) etch] have never  been ob- 
served, indicat ing that  etching occurs on all crystal-  
lographic planes with comparable etching rates. 

Comparison with chemical etching and EBIC.--Fig- 
ure 7 shows the same area of a poly-Si  sample anod- 
ically etched at --0.4V (Fig. 7a), -50.4V (Fig. 7b), 
and with Sirt l  etch (Fig. 7c). Although more spectacu- 
lar  examples could have been chosen, these pictures 
demonstrate  several  points: (i) Sirt l  etch did not  
at tack all the twin  boundaries present, whereas an-  
odic etching does. (ii) Although the etch-pi t  pat terns 

for dislocations seem to correlate fair ly well  between 
Fig. 7a-c (allowing for unavoidable  changes in  the 
distr ibution because several microns of the surface 
had to be removed between successive etching steps) 
there are differences: Fig. 7a shows that  dislocations 
are present  in the outermost twin  boundary  which 
are missing in  Fig. 7b and which are only poorly re-  
solved in Fig. 7c. This may indicate that t h e  etching 
properties of dislocations depend on their  type. (iii) 
t n  Fig. 7a the colored layer  has not  been completely 
removed; it can be seen that it  does not interfere with 
the observation of the etching pattern.  (iv) The EBIC 
picture of the same area (Fig. 7d) corresponds better  
to Fig. 7a than to Fig. 7b and c. 

Similar  behavior  can be observed for Si ribbons. 
Figure  8 shows a Sir t l -etched area next  to an anodically 
etched one. With one exception the twin  boundaries  
are not visible in the anodically etched part of the 
sample. 

Secco-etched samples may  show a better  correla- 
tion to anodically etched ones because dislocations on 
all crystal planes are revealed. With respect to bound-  
aries it  appears to work similar  to Sirtl  etch. In ter -  
estingly, Secco etch applied to r ibbons sometimes left 
a rough surface full  of small  pits very similar  to the 
rough surface sometimes obtained with anodic etching. 

It has been shown that twin  boundaries,  especially 
coherent twin  boundaries in  Si ribbons, often do not 
significantly influence the electronic properties of the 
crystal, e.g., the carrier  collection efficiency of a solar 
cell (19). Because twin  boundaries  can be made to 
disappear completely in  anodic etching there seems 
to be a correlation between their  electrical activity 
in solar cells and their  anodic etching behavior. Both 
r ibbon and poly-Si  samples were therefore subjected 
to a test of the electrical activity of their  defects using 
a scanning microscope in  the EBIC mode. Figures 9 
and 10 show some results, another  example was al-  
ready given in Fig. 7. The correspondence between the 
EBIC pictures and the anodic etching pictures is one- 
to-one for a negative bias voltage of the sample. This 
has been observed in m a n y  more cases than can be 
shown here. It  is par t icular ly  interest ing that  the few 
twin boundaries out of a whole bundle  which show 
electrical activity in EBIC are also revealed in the 
anodic etching whereas the electrically inactive twin  
boundaries appear only at higher etching voltages. 
Figures 9 and 10 show that the etch pat tern  is much 
clearer than the EBIC picture thus allowing a more 
detailed in terpre ta t ion of the electrically active defects. 

Discussion 
Enhanced dissolution rate of defects.--The dissolu- 

tion rate of a given area of Si is proport ional  to the 
current  passing through it, i.e., the current  density. 

Fig. 7. Comparison between anodlc etching, $irtl etching, and Fig. 8. Comparison between anodic etching and Sirtl etching in 
EBIC in poly-Si. For details see text. ribbon Si. 
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Fig. 9. Poly-Si etched r at --0.4V (a) and with Sirtl 
etch (c). Figure 9(b) shews the EBIC image of this area. 

region. This is in genera l  ag reement  wi th  the  observa-  
t ion tha t  the  holes requi red  for the  dissolution process 
a re  genera ted  in the  nea r - su r face  regions ra the r  than  
in the  b u l k  of the  Si (9). This is in cont ras t  to Ge 
where  holes f rom the bu lk  are  diffusing to the  in t e r -  
face. The concentra t ion of holes genera ted  near  the  
surface is r e la ted  to the  bu lk  concentra t ion and the i r  
flow across the in terface  is not  inhib i ted  since the  
band -bend ing  in t roduced by  the appl ied  vol tage favors  
the  flow of current ,  

A t  ve ry  low or  negat ive  appl ied  vol tages  the  bu lk  
concentra t ion of holes (and the surface concentra t ion 
re la ted  to i t )  is no longer  impor tant .  This is demon-  
s t ra ted  by  the fact  t ha t  the  poten t ia l  cu r ren t  curves  
for p -  and n - t y p e  Si a re  a lmost  ident ica l  for  smal l  
appl ied  voltages, i.e., for smal l  overpotent ia l s  (15). 
The cur ren t  densi ty  for n - t ype  Si of low overpoten t ia l s  
can be even h igher  than  tha t  of p - t y p e  Si (15), 
indica t ing  a possible  surface invers ion- layer .  Thus i t  
appears  tha t  not  the  ava i l ab i l i ty  of holes but  the i r  
t r anspor t  across the  in terface  is ra te  de termining.  In  
o ther  words, potent ia l  ba r r ie r s  be tween  hole s tates  
in the  semiconductor  and in the  e lec t ro ly te  m a y  exist,  
mak ing  cur ren t  flow difficult. Defects m a y  in t roduce  
addi t ional  t rans i t ion  possibil i t ies for holes to the  
e lectrolyte .  

A ful l  unders tand ing  of the cu r ren t -po ten t i a l  curves 
of semiconductors  wi th  and wi thout  defects  requi res  
a sophis t icated theory  which  is beyond the scope of 
this paper .  Phenomenologica l ly ,  the difference in e tch-  
ing ra tes  for defects and for perfect  ma te r i a l  can be  
descr ibed by  app rop r i a t e ly  chosen vo l t age -cu r r en t  
characteris t ics .  F rom the l imi ted  number  of exper i -  
ments  pe r fo rmed  so far  a rough  idea of these charac -  
te r i s t ics  can be der ived;  this is shown in Fig. 11. 
Compar ing  these curves  to character is t ics  given in 
(15), i t  is clear  that  defected areas  in p - t y p e  Si  
behave  as p + - t y p e  Si. In  o ther  words,  defects in 
p - t y p e  Si behave  l ike  p + - t y p e  mater ia l ;  this is in 
accordance with  the  genera l  v iew of the electronic 
proper t ies  of defects  in Si, cf. var ious  papers  g iven 
in Ref. (20). 

Dislocations and gra in  boundar ies  o ther  than  twin  
re la ted  boundar ies  appea r  to be etched under  most  
condit ions a l though they  m a y  show some vol tage 
dependence  as i l lus t ra ted  in Fig. 7. Thus they  are  
s t rong ly  e lec t ronica l ly  act ive and this is r e la ted  to 
the  states in the  bandgap  in t roduced b y  them (20, 21). 
Most twin  boundaries ,  on the  o ther  hand, a re  not  
etched at  smal l  negat ive  voltages. This m a y  indicate  
tha t  no electronic states in the bandgap  are  associated 
wi th  them. However ,  the fact  tha t  t hey  are  p re fe ren -  

Fig. 10. Comparison between anodic etching at -{-O.5V (a), 
EBIC (b), and anodic etching at --0.4V (c) in ribbon-Si, 

Pre fe ren t i a l  e tching of defects  thus  requi res  h igher  
cu r ren t  densi t ies  at  the  in tersec t ion  of defect  and  
surface as compared  to the  und i s tu rbed  surface. The 
cu r ren t  dens i ty  at  a g iven vol tage  depends  on severa l  
factors;  the most  impor t an t  ones a re  the  resis tance of 
the  e lectrolyte ,  the  genera t ion  and t rans fe r  of charge 
at  the s i l icon-e lec t ro ly te  interface,  and the bu lk  p rop -  
er t ies  of the  silicon. 

At  h igh  vol tages  the  cur ,  en t  dens i ty  is l imi ted  by  
the res is tance of the  e lec t ro ly te  only and prac t ica l ly  
does not  depend  on any  specific in ter face  or  bu lk  
proper t ies  of the silicon. The  cur ren t  dens i ty  across 
the  in ter face  is governed  by  the H F  concentrat ion,  
thus e lec t ropol ishing wil l  occur. 

At  in te rmedia te  vol tage  ranges  p ronounced ly  differ-  
ent  e tching ra tes  a re  observed  for  different  surface 
orientat ions.  This demons t ra tes  tha t  surface proper t ies  
a re  domina t ing  the cu r ren t  dens i ty  in this vol tage  
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Fig. 11. Tentative current-voltage curves for various defects 
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t ia l ly  e tched at  smal l  posi t ive vol tages [scanning 
e lect ron microscopy showed that  t rue  etch grooves 
and not  s teps were  formed (Fig. 12)] indicates  that  
they  do influence the  electronic s t ruc ture  of the  
semiconductor  to some extent .  This might  be due to 
a change in the  surface states a round  the twin  bound-  
ar ies  r a the r  than  to states in the  bandgap.  I t  m a y  
also exp la in  w h y  chemical  e tching usua l ly  does a t t ack  
twin  boundar ies  and s tacking faul ts  (which are  closely 
re la ted  defects)  a l though these defects do not  have 
an apprec iab le  s t ra in  field or  e lect r ica l  (bu lk)  ac t iv i ty  
and cannot  a lways  be assumed to be decora ted  wi th  
impuri t ies .  

The correspondence be tween  EBIC and anodic e tch-  
ing at  negat ive  vol tages is s t r iking,  even for  fine de -  
tails. This indicates  tha t  anodic e tching essent ia l ly  
probes the same proper t ies  of the  defects as EBIC 
does, namely  the i r  ab i l i ty  to act as ca r r i e r  r ecombina -  
t ion or  genera t ion  centers. Of pa r t i cu la r  in teres t  here  
is the  observat ion  that  cer ta in  twin boundar ies  m a y  
be e lec t ronica l ly  act ive whi le  o thers  a re  not. This 
was a t t r ibu ted  to the presence of dislocations in these 
boundar ies  (17) but  this could not  be confirmed in 
the  presen t  work.  

Chemical ly  e tched specimens looked s imi la r  to spec-  
imens etched anodica l ly  at  a cer ta in  voltage. I t  ap -  
pears  tha t  Secco etch corresponds roughly  to anodic 
e tching at  N 0 - I V  and Sir t l  etch to somewhat  h igher  
voltages.  Since chemical  e tching is also an e lec t ro-  
chemical  reaction, the  present  exper iments  m a y  lead  
to a be t te r  unders tand ing  of the i r  operat ion.  

Some remarks on the applicability of the method.-- 
Anodic  etching offers a s imple and e legant  way  to 
obta in  defect  informat ion  about  defects in Si which 
usua l ly  would  requ i re  EBIC and chemical  etching. 
I t  has considerable  advantages  compared  to EBIC, 
the setup and the p repa ra t ion  is s imple as compared  
to the r a t h e r  complex specimen p repa ra t ion  and equip-  
ment  needed for  EBIC. The resolut ion is much be t t e r  
for  anodic etching and large  areas  can be etched and 
inspected in a short  t ime. On the o ther  hand, EBIC 
is nondes t ruc t ive  and can be made quant i ta t ive  whe re -  
as anodic etching requires  the  dissolution of a thin 
surface l aye r  (~1  ~m) and is as ye t  not  quant i ta t ive.  

Anodic  e tching can replace  chemical  e tcbing if  
the  correct  vol tage  is chosen. The sens i t iv i ty  seems 
to be be t t e r  than  tha t  of most chemical  etches and 
there  is no ambigu i ty  about  the  se lec t iv i ty  of the  
etching wi th  respect  to cer ta in  surface or ienta t ions  
or  cer ta in  defects. 

I t  is impor t an t  to note tha t  the method  is not  r e -  
s t r ic ted  to p - t y p e  Si; n - t ype  Si can be anodica l ly  

Fig. 12. SEM picture of etch-grooves at twin boundaries crossing 
a scratch-mark in ribbon Si after anodic etching at -~0.SV. 

etched in much the same w a y  as was a l r eady  demon-  
s t ra ted  in Ref. (14). Moreover,  the method very  l ike ly  
can be appl ied  to any  semiconductor  if a sui table  
e lec t ro ly te  can be found. This might  be difficult, bu t  
ce r ta in ly  i t  is less so than  the deve lopment  of a 
chemical  etch. 

I t  is fel t  tha t  the method could be made  quant i ta t ive  
if a be t t e r  theore t ica l  unders tand ing  of the  basic 
process could be achieved and if  quant i ta t ive  exper i -  
menta l  resul ts  could be supplied.  The l a t t e r  would 
involve  precise measurements  of the S i -po ten t i a l -  
cur ren t  re la t ionship  r a the r  than  s imple  vo l t age -cu r -  
rent  character is t ics  and should also define the role 
of the res is t iv i ty  of the  Si. 

Conclusions 
1. Defects in p - t y p e  Si can be etched anodica l ly  

and thei r  e tching behavior  depends  on the appl ied  
voltage.  

2. At  ve ry  low potent ia ls  only  defects are  etched 
which would  be classified as "e lec t r ica l ly  act ive" by  
EBIC. 

3. At  somewhat  h igher  potent ia ls  the etching is 
s imi lar  to chemical  e tching but  is more  sensi t ive and 
f ree  of ambiguit ies .  

4. Anodic  e tching has the potent ia l  to develop into 
a powerfu l  technique for  defect  charac ter iza t ion  in 
many  semiconductors  for both p -  and n - t y p e  and 
can wide ly  replace  EBIC and chemical  etching. 
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Applications of a Low Noise Potentiostat 
in Electrochemical Measurements 

Ugo Bertocci* 

National Bureau oy Standards, Chemical Stability and Corrosion Division, Washington, D.C. 20234 

A B S T R A C T  

Measurements  on two electrochemical systems, copper in  copper sulfate 
and a luminum in boric ac id/ te t raborate  buffer, have been carried out by re-  
cording the ampli tude spectrum of the fluctuations in  the current  density. 
For  these measurements ,  a low noise potentiostat  developed and bui l t  at NBS 
was employed. In the case of copper, the current  spectra are found to be the 
determinist ic  response of the electrode to the noise voltage generated by the 
potentiostat.  The electrode characteristics for charge- t ransfer  and for diffusion 
could be obtained from the impedance plots derived from the measurements  
when  the level of the applied signal was of the order of 10-7V. In  the case of 
a luminum,  the determinist ic  response observed in  the absence of pi t t ing 
gave way to random fluctuations in the current  in  conditions leading to pitting. 
I t  is shown that  the onset of pit formation can be detected from noise mea-  
surements.  The significance of the informat ion  obtained in  electrochemical 
noise measurements  is briefly discussed. 

The study of random fluctuations in  current  and 
potential  of electrodes, usual ly  known as electro- 
chemical noise, is receiving increasing attention,  and 
interest ing applications are being envisaged in  the 
field of corrosion (1). In  these studies, it  is often 
necessary to detect and measure very low ampli tude 
signals, and it is therefore very impor tan t  to reduce 
the noise generated by the measur ing instruments .  
Since in  most electrochemical studies it is desirable 
to control the electrode potential,  a low noise po- 
tent iostat  is a par t icular ly  useful  device (2). 

Elsewhere (3), the circuit and performance of a 
potentiostat  designed and bui l t  at NBS have been 
described. The purpose of this communicat ion is to 
report  on measurements  carried out on some electro- 
chemical cells, taking advantage of the character-  
istics of such a potentiostat. These measurements  are 
not restricted to the detection of noise, bu t  concern 
also the observation of the current  response to very  
small  voltage signals. 

Experimental Procedures 
The measurements  were carried out with the ap-  

paratus  shown schematical ly in  Fig. 1. All  the in -  
s t ruments  inside the dot-dashed enclosure are ba t te ry  
operated, and the enclosure represents electromag- 
netic shielding as well  as some protection from me-  
chanical vibrations. The potentiostat  provides for a 
low noise d-c control voltage and for the measure-  
men t  o f  the d-c current.  A bu i l t - in  a-c amplifier is 
employed for the detection of the fluctuations in the 
current  in  the f requency range approximately  be-  
tween 0.1 Hz and 2 kHz. The cell is provided with 
two reference electrodes, a low impedance one, which 
is used as a sensor for the potentiostat  and for the 
measurement  of the voltage noise, and a second one, 
often an SCE, employed for the moni tor ing of the d-c 
electrode potential. The values of the d-c voltage and 
current  are recorded on a two-channe l  recorder. 
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An addit ional  voltage signal can be added to the 
d-c control voltage. In  this work, the superimposed 
voltage consisted of a constant  ampli tude,  swept f re-  
quency signal, sweeping l inear ly  over a factor of ten. 
The repeti t ion rate was sl ightly less than  the time 
of acquisition of a spectrum by the spectrum analyzer. 

The frequency analysis of the output  signal, ei ther  
the current  or the electrode potential,  depending on 
the position of the switch shown in  Fig. 1, was car- 
ried out by a spectrum analyzer  with a f requency 
resolution of 1/200 of the range. In  the 50 Hz range, 
for example, the spectrum consisted of 200 values at 
intervals  of 0.25 Hz. The acquisit ion t ime for one spec- 
t rum is equal to one period at the lowest frequency, 
that is, 4 sec for the range ment ioned above. 

The input  waveform to the spectrum analyzer  as 
well as the ins tantaneous and average spectra were 
observed continuously on the oscilloscope. Average 
spectra were then recorded on an X-Y recorder, 
ei ther on a l inear  or on a logari thmic scale. 

The time involved in  acquir ing the average spectra 
in  the low frequency ranges can be considerable. In  
the 5 Hz range each spect rum requires 40 sec so that  
for an average over 64 spectra the acquisi t ion t ime is 
of the order of 40 min. 

Experimental Results 
The results presented here concern two quite dif- 

ferent  electrode systems, one having low and the 
other high resistance to the faradaic current .  As a 
low impedance system, the reaction be tween Cu metal  
and a 0.5 mole / l i te r  CuSO4 -5 0.1 mole / l i te r  H2SO4 
solution was examined. Figure 2 and 3 show the 
voltage and current  spectra, respectively. The refer-  
ence electrode was also copper, and the data were 
taken in  conditions of zero d-c current .  The spectra 
were also taken when a swept f requency signal was 
added to the d-c control voltage. The ampli tude of 
the signal as shown in  Fig. 2 was about  10-100 times 
the background noise bu t  never  larger  than about 
2 ~V. Figure  3 shows the cur ren t  response wi th  and 
without  the superimposed voltage signal. 


