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ABSTRACT 

Three-dimensional structures in silicon are increasingly coming into use for the fabrication of mechanical and electri- 
cal devices. The fabrication of deep trenches is one of the most important problems in VLSI (very large scale integration) 
technology. In this study the spontaneous trench formation in n-type silicon immersed in hydrofluoric acid under anodic 
bias is demonstrated and the resulting microstructures are characterized. Trenches with arbitrary cross sections and high 
aspect ratios for microelectronic (e.g., 42 ~m depth and 0.6 ~m diam) and for power component  application (e.g., 60 ~tm 
depth and 10 ~m diam) have been produced by a standard masking technique. The trench formation is explained by a 
model  which takes into account the conditions of the space charge region the minority carrier current and the crystal ori- 
entation. A passivating sidewall layer is not needed in this model. The dimensions and the shape of anodically etched 
trenches can be varied over a wide range by adjusting the critical parameters. 

Since trench etching is becoming more and more impor- 
tant in silicon device fabrication, a large number of studies 
have been carried out to improve plasma etching tech- 
niques. However, submicron trench processes still suffer 
from structural effects which dominate the trench geome- 
tries [e.g., bottle-shaped profiles for trench opening which 
are smaller than a micrometer (1)]. Photoelectrochemieally 
etched structures might be free of these shortcomings. 
They are, however, limited by the wavelengths of the pene- 
trating light (2) so that submicron dimensions cannot be 
realized in that manner. In this work, an electrochemical 
etching technique will be presented which is independent 
of these geometrical restrictions. 

The rate-determining step for an electrochemical disso- 
lution process of silicon is either given by the number of 
holes (h +) available at the electrode surface or by the diffu- 
sion-controlled flow of active ions to the electrode. In the 
latter case, the etch rate inside a trench must be smaller 
than the etch rate of the fiat surface. As a consequence, the 
surface will be fiat after some time. This effect is utilized 
for smoothing out surfaces and contributes to electro- 
polishing (3). For the first case the reverse is true: if only 
few holes (h +) are available at the electrode surface, the 
trench tips are more effective in collecting them from sur- 
rounding bulk material provided a space-charge region 
(scr) exists. Since anodic biasing of n-type silicon always 
creates a space-charge region, trench formation occurs 
spontaneously even at polished surfaces (4-6). The first sec- 
tion of this work reports about this phenomenon. In the 
second section the control of trench formation by masking 
is demonstrated and its viability for technology applica- 
tions is shown. The parameters which determine trench 
growth are given in the third section. In the fourth section 
a model for the mechanism of electrochemical trench etch- 
ing (ETE) is presented. 

Experimental  
The starting material consisted of n-type, (100) silicon 

wafers of various resistivities as listed in Table I. To evalu- 
ate the orientation dependence an additional ( l l l )  silicon 
sample (n-type, 1 ~cm) was used. Samples of type A were 
as-received silicon wafers with a polished surface. 
Samples of type B and C had patterned layers (B samples: 
2 0 n m  SiO2, 150nm Si3N4, 1000nm S iQ;  C samples: 
900 nm SIO2). The patterns were produced by a standard 
photolithographic process. The B samples had a pattern of 
circular 1 ~tm holes spaced at a distance of about 4 ~m, i.e., 
approximately 15,000 holes per mm 2 (i.e., mask covering 
98.8% of the surface, cf Fig. 5). The pattern in the C 
samples consisted of circular 10 ~m holes spaced at a dis- 
tance of about 30 ~m, i.e., approximately 1000 holes per 
mm 2 (i.e., mask covering 92.5% of surface). Generally, 
every alkaline-resistant mask is suitable for ETE, because 
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the mask is only used for pre-etching the samples in KOH 
(cf. Masking procedure for electrochemical trench 
etching). 

The size of the samples was 20 x 20 mm (A samples) or 
i0 • i0 mm (samples B and C) with a circular shaped area 
of i00 mm 2 (A sample) or 20 mm 2 (samples B and C) ex- 
posed to the electrolyte. An ohmic contact was provided 
by rubbing Ga-ln eutectic around the circular area ex- 
posed to the electrolyte. 

The samples was mounted in an electrochemical cell and 
connected to a potentiostat (Wenking POS 73). An addi- 
tional ampere meter was used to measure the etching cur- 
rents (Fig. i). The applied voltage was measured in relation 
to a platinum wire positioned close (I ram) to the sample 
surface. Considering the electrolyte concentration and the 
Ha flew around the platinum wire (from the sample sur- 
face), the measured potential is presumably close to that of 
an NHE (normal hydrogen electrode) (7). 

The electrolyte was 2.5 weight percent (w/o) 
(= 1.25 M/kg) hydrofluoric acid with a few drops per liter of 
a wetting agent ("Mirasol," registered trademark of 
Tetanal, Germany). It was stirred slightly during the ex- 
periments to remove hydrogen bubbles from the sample 
surface. All experiments were executed at room tem- 
perature. 

During the electrochemical etching process, the samples 
were illuminated by a radiation from a 100W tungsten 
lamp. The window material used in the cell was Plexiglas, 
which is stable in hydrofluoric acid up to about i0 w/o. For 
some experiments, additional filters were used (a KG 5 fil- 
ter which absorbs at wavelengths >800 nm or a GaAs filter 
which absorbs all wavelengths <867 nm). 

The photocurrent, which is a parameter of interest for 
ETE, at n-type silicon is a nonlinear function of the illumi- 
nation density (8). For back side illumination the diffusion 
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Fig. 1. Cross-sectional view of the electrochemical cell and its elec- 
trical connections. 
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Table I. Resistivities of the used n-type silicon samples. A samples: 
polished surfaces. Samples B and C: masked surfaces 

Sample ~lcm Sample ~lcm Sample ~lcm 

A1 0.01 B1 0.4 C1 60 
A2 0.4 B2 1 C2 80 
A3 0.8 B3 20 C3 200 
A4 4 
A5 10 
A6 20 

length  and the  surface recombina t ion  veloci ty  of the 
sample  s t rongly inf luence the  correlat ion be tween  il lumi- 
na t ion  and pho tocur ren t  (8). For  that  reason, the  photocur-  
rent  was measured  and not  the  i l luminat ion density.  To 
give a reference  point, a p- type silicon sample  in the de- 
scr ibed setup (Fig. 1) under  reverse  bias, i l luminated  with  
100 mW/cm 2, will p roduce  a pho tocur ren t  of  30 mA/cm 2. 

Concur ren t  wi th  the c o m m o n  usage and to avoid ambi-  
guity, all e tched  s tructures  in the fol lowing will  be called 
t renches.  The  express ion  hole  will  only be used for defect  
e lect rons  (h +). 

Results and Discussion 
Anodic  dissolution of i l luminated n-type si l icon.--A sili- 

con e lec t rode  is d issolved in an acidic e lect rolyte  which  
contains  F-  ions if  holes (h § are available. For  a p-doped  
sample  under  anodic  bias, this condi t ion  is always ful- 
filled. The  anodic  region of  the  current  densi ty  vs. vol tage 
curve  for p- type sil icon is shown in Fig. 2. 

Elec t ropol ish ing  occurs  for current  densi t ies  exceed ing  
a critical current  dens i ty  JPSL. For  current  densi t ies  below 
JPSL, the dissolut ion process  is changing  and a porous  sili- 
con layer (PSL) grows on the silicon surface (9-14). 

In  n-type silicon, holes  (h +) can be genera ted  by i l lumi- 
na t ion  or by high electrical  field-strength. For  high i l lumi- 
na t ion  densit ies,  the current-vol tage curve  of  n- type sili- 
con was found to be  ident ical  to that  of  p- type si l icon with  
the excep t ion  of  a few hundred  mV shift  on the vol tage 
axis. By adjust ing the  i l luminat ion,  all points  benea th  the 
p-type anodic  current-vol tage curve  (shaded region in 
Fig. 2) can be reached.  Trench  format ion  has only been  ob- 
served for n- type sil icon and current  densit ies be low JPSL. 

Trench  format ion  in n-type sil icon anodical ly  biased in 
the  dark has been descr ibed  by Theun i s sen  et aI. (4, 5). The  
resul t ing channels  are needle-shaped and s trongly 
branched.  

If  the  sample  is i l luminated  dur ing anodization,  this ge~ 
omet ry  changes.  Sample  A2 was anodized for 30, 60, 120, 
and 240s at 14V bias. The  lamp was opera ted  at 30W electri- 
cal power  to enhance  the infrared cont r ibut ion  of the  spec- 
t r u m  (no addi t ional  filters, front side i l lumination).  The  
pho tocur ren t  was adjusted to 10 mA/cm 2 by vary ing  the  

d is tance  to the  lamp. JPSL is a funct ion of  the H F  concen-  
t rat ion and the  st irr ing condit ions.  For  2.5 w/o HF, the  
crit ical  current  densi ty  JPSL is about  20 mA/cm 2. Scann ing  
e lec t ron mic roscope  (SEM) micrographs  of these  samples  
are shown in Fig. 3a-d. The e tched  t renches  are covered  
wi th  a layer of porous  silicon (PSL) of  about  100 nm. To re- 
veal  the  geomet ry  of the  resul t ing channels  more  clearly, 
the  P S L  is easily r emoved  by immers ion  in 10 w/o aqueous  
solution of  KOH for 10s at room tempera tu re  fol lowed by 
r insing in deionized water  (5 min). This  p rocedure  has 
been  pe r fo rmed  in all fol lowing examples .  

F igures  3e-h show SEM micrographs  of  the  samples  
wi thou t  P S L  at a v iewing  angle  of  40 ~ The surface (90 ~ is 
shown in Fig. 3i-m. This  microscopic  honeycomb~like sur- 
face absorbs l ight to an ex t remely  high degree  i.e., macro-  
scopical ly  and has a pi tch-black appearance.  The  reflect- 
ance index  (240s sample) was de te rmined  to be <0.0001 for 
0 ~ reflect ive angle and <0.0005 for 90 ~ by laser reflect ion 
m e a s u r e m e n t s  (633 n m  HeNe). 

To invest igate  the  wave leng th -dependance  of  the  t rench  
format ion,  the  samples  were  i l luminated  by radiat ion of  
di f ferent  wave leng ths  by using filters. All other  parame-  
ters were  kep t  constant  (photocurrent :  10 m A / c m  2, volt- 
age: 14V). No t rench  format ion was observed  for a KG 5 
filter wh ich  absorbes  at wave leng ths  >800 nm. Using  a 
GaAs filter which  absorbs  at wave leng ths  <867 nm, the  
ver t ical  cross sect ion of the  t renches  changed  from a coni- 
cal to a cyl indrical  shape. 

These  results  can be unders tood  if the  local minor i ty  car- 
r ier  genera t ion  rate de te rmines  the t rench  shape in the  fol- 
lowing  manner :  carriers which  are genera ted  deep  in the  
bu lk  p romote  the  t rench  growth at the  tips, whereas  near- 
surface genera t ion  leads to lateral  growth of  the  trenches.  
To prove  this hypothesis ,  an A2 sample  was i l luminated  
f rom the  back  side of the  wafer.  In this ar rangement ,  the  
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Fig. 2. Anodic region of the current-voltage curve for p-type (and 
strongly illuminated n-type) silicon in contact to an electrolyte of hy- 
drofluoric acid. For n-type silicon all points in the shaded region can be 
reached by adjusting the light intensity; trench growth was observed for 
current densities below Jes,. 

Fig. 3 (a-d) SEM micrographs (cross section, 40 ~ of electrochemi- 
cally etched n-type samples (A2). The shown (front) side of the samples 
was illuminated during onodization (+ 14V, 10 mA/cm 2) for the indi- 
cated times. The trenches are covered with porous silicon (PSL). (e-h) 
SEM micrographs (cross section, 40 ~ of the samples after immersing 
the samples in 10 w/o KOH for lOs to remove the covering porous sili- 
con layer (PSL). (i-m) SEM micrographs (plan view, 90 ~ of the samples 
(PSL removed). 
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m i n o r i t y  carr iers  h a d  to d i f fuse  t h r o u g h  t he  s a m p l e  to 
r e a c h  t he  t r e n c h  t ips  [for m o r e  i n f o r m a t i o n  a b o u t  t h e  diffu- 
s ion  process ,  see  (8)]. In  th i s  e x p e r i m e n t  a n d  all fo l lowing  
w i t h  b a c k  s ide  i l lumina t ion ,  a K G  5 fil ter was  used.  T h e  
t r e n c h e s  p r o d u c e d  in th i s  m a n n e r  we re  cy l indr ica l  a n d  or- 
t h o g o n a l  to t he  (100) surface.  The i r  l e n g t h  was  a l inear  
f u n c t i o n  of  t h e  anod iza t i on  t i m e  and  t he  sur face  was  no t  
co r roded ,  w i t h  t he  e x c e p t i o n  of  t h e  t r e n c h  open ings .  F r o m  
t h e s e  resu l t s  i t  is c o n c l u d e d  t h a t  t he  reg ion  b e t w e e n  t he  
t r e n c h e s  is a l m o s t  dep l e t ed  a n d  prac t ica l ly  all car r ie rs  
c o m i n g  f rom the  b u l k  reg ion  are  co l lec ted  b y  t r e n c h  tips.  
Th i s  is i l l u s t r a t ed  in  Fig. 4a w h i c h  shows  the  s c h e m a t i c  
d i s t r i b u t i o n  of  t he  e lectr ic  field l ines  w h i c h  leads  to t h a t  
co l l ec t ing  m e c h a n i s m .  

B o t h  m e t h o d s ,  f ron t  s ide a n d  b a c k  s ide  i l lumina t ion ,  
lead to a wide  sca t t e r  in  d i a m e t e r s  of  the  e t c h e d  t r enches .  
The  d i a m e t e r  d e p e n d s  on  the  local  ef f ic iency in  c a p t u r i n g  
m i n o r i t y  carr iers ,  w h i c h  is d e t e r m i n e d  by  the  in i t ia l  posi- 
t i on  of  the  t r e n c h  in  t he  r a n d o m  t r e n c h  pa t t e rn .  F igu res  
3i-m i l lus t ra te  this .  Af te r  30s anod i za t i on  t ime,  m o r e  t h a n  
100 smal l  t r e n c h e s  pe r  ~ m  2 were  g e n e r a t e d  (Fig. 3i), b u t  
on ly  5-10 pe r  ~ m  2 su rv ived  af te r  240s (Fig. 3m). T he  d e n s i t y  
of  t r e n c h e s  is a f u n c t i o n  of  d o p i n g  dens i t y  a n d  p i t t i ng  con-  
d i t ions ,  b u t  i t  was  f o u n d  to be  >106/cm 2 in all cases  for (100) 
surfaces .  

To eva lua t e  t he  o r i en t a t i on  d e p e n d a n c e  of  ETE,  a (111) 
s a m p l e  (n- type,  1 ~ c m )  was  e t c h e d  in  2.5 w/o H F  for 65 m i n  
at  500 ~tA/cm 2 (back  s ide i l l umina t ion )  a n d  ana lyzed  by  
SEM. F igu re  4b shows  t he  d i f f e rence  in  g e o m e t r y  of  
t r e n c h e s  g r o w n  in  (100) a n d  (111) mater ia l .  I t  is e v i d e n t  t h a t  
t he  t r e n c h  t ips  in  b o t h  cases are  g r ow i ng  in t he  <100>  di- 
rec t ion .  

As  e x p e c t e d  for  c u r r e n t  dens i t i e s  be low JPSL, h y d r o g e n  
evo lu t i on  was  o b s e r v e d  at  t he  s a m p l e  sur face  d u r i n g  
a n o d i z a t i o n  (3). 

Masking procedure for electrochemical trench e tch ing . -  
To m a k e  th i s  m e t h o d  a use fu l  tool  in dev ice  fabr ica t ion ,  i t  
is e s sen t i a l  to  be  able  to pos i t ion  t r e n c h e s  in  d i s t inc t  pat-  
te rns .  I f  a r a n d o m  p a t t e r n  of e t ch  pi ts  (cf. Fig. 3i) gene ra t e s  
a r a n d o m  t r e n c h  pa t t e rn ,  a r egu la r  p a t t e r n  of  pi ts  s h o u l d  
p r o d u c e  regu la r ly  s p a c e d  t r enches .  To p r o d u c e  t he  neces-  
sary  pi t  pa t t e rn ,  m a s k e d  n- type  s am p l e s  (B + C) we re  pre-  
e t c h e d  in KOH (10 w/o a q u e o u s  solut ion) ,  w h i c h  g e n e r a t e s  
t h e  w e l l - k n o w n  an i so t rop ic  e t ch  f igures  (15). In  (100) sili- 
con  a p y r a m i d a l - s h a p e d  hole  is f o r m e d  (Fig. 5) w h i c h  was  
f o u n d  to b e  suff ic ient  to i n d u c e  ETE.  

U s i n g  t h e s e  p re - e t ched  samples ,  t he  t r e n c h  g e o m e t r y  
was  s t ud i ed  for d i f f e ren t  d o p i n g  dens i t ies ,  p h o t o c u r r e n t s ,  
vol tages ,  a n d  e t c h i n g  t imes .  The  ox ide  m a s k  is r ap id ly  dis- 
so lved  by  i m m e r s i n g  t he  s am p l e s  in  the  e lec t ro ly te  w h i c h  
c o n t a i n s  hydrof luor i c  ac id  so t h a t  t h e  w h o l e  su r face  is ex-  
p o s e d  to t h e  e lect rolyte .  I t  s h o u l d  b e  n o t e d  t h a t  a f te r  for- 
m a t i o n  of  the  p y r a m i d a l  s haped - dep r e s s i ons ,  no  subse-  
q u e n t  m a s k  of  any  t ype  is n e c e s s a r y  for t r e n c h  growth .  

F igu re s  6a-c s h o w  t he  ver t ica l  cross  sec t ions  of  t he  
t r e n c h e s  (d rawings  for  SEM m i c r o g r a p h s )  as a f u n c t i o n  of  
t he  app l i ed  vo l tage  a n d  p h o t o c u r r e n t  (back  s ide i l lumina-  
t ion).  T h e  e t c h i n g  t i m e  of  all s am p l e s  was 30 rain.  At  10V 
b ias  t he  a n o d i c  c u r r e n t  for s a m p l e  B1, w h i c h  h a d  t he  h igh-  
es t  d o p i n g  dens i ty ,  e x c e e d s  1 n A / t r e n c h  e v e n  w i t h o u t  any  
i l l u m i n a t i o n  (Fig. 6a). For  t he  B2 s a m p l e s  (Fig. 6b) it was  
i m p o s s i b l e  to  r e d u c e  t he  c u r r e n t  to 33 p A / t r e n c h  at  10V 
bias.  E lec t r ica l  b r e a k d o w n  at  the  t r e n c h  t ips  was  a s s u m e d  
to be  t he  r e a s o n  for t h e s e  h i g h  da rk  cu r ren t s .  Th i s  m e c h a -  
n i s m  will  b e  d i s c u s s e d  later.  

F i g u r e  6d i l lus t ra tes  t he  d e g e n e r a t i o n  of  t he  c i rcu la r  
(hor izonta l )  cross  s ec t ion  of  t he  t r e n c h e s  for h i g h e r  volt-  
ages. This phenomenon will be termed "branching" in the 
following and occurs along the whole vertical length of the 
trench. A point worth noting is that the branches are grow- 
ing in the <I00> direction. 

For samples with a high doping density (Bl), it was 
found that there is a tendency for a trench to divide in two 
or four separate trenches. For low-doped samples (B3), the 
reverse is true; the number of trenches decreases, while 
the diameter of the surviving trenches increases by the 
higher current-per-trench ratio. This is schematically 
shown in Fig. 6e. 
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Fig. 4. (a, top) Schematic distribution of the electric field lines in the 
space charge region around the trenches during anodization in the elec- 
trolyte. (b, bottom) Trench configuration as a function of the crystal ori- 
entation of the silicon sample. (Drawings from SEM microgrephs.) 

Excluding the cases of no significant trench growth, all 
trenches shown in Fig. 6a, b, and c have about the same 
depth, even if parameters like doping, voltage, or current 
differ one order of magnitude. In 45 experiments with dif- 
ferent conditions of masking, doping, voltage, and current, 
the growth rates of trenches were measured (Fig. 7). The 
growth rates average around 0.5 ~tm/min. For a constant 
set of parameters, the depth was found to be a linear func- 
tion of time. 

To determine the number of charge carriers, n, which 
was necessary to dissolve one silicon atom, a C2 sample 
was anodized at IV, 13.3 nA/trench for i00 rain (Fig. Ii). 
The diameter of the resulting trenches is approximately 
i0 ~m producing a sectional area of 78.5 ~m 2 and a current 
density J = 16.94 mA/cm 2. This current density and the 
etch rate of 0.6 ~tm/min (trench depth D = 60 ~m in 
t = 100 rain)  p r o d u c e  a d i s so lu t i on  v a l e n c e  of  n = 2.12 
u s i n g  

n = tmslJ/(edslVD) 

VD = d i s so lved  vo lume ,  e = e l e m e n t a r y  charge ,  ms~ = m a s s  
of  a Si a tom,  dsi -- dens i ty  of  Si. This  r e su l t  is in  good  
a g r e e m e n t  w i th  the  k n o w n  d i s so lu t i on  v a l e n c e  of  s i l i con  
for c u r r e n t s  be low JPsL w h i c h  is n = 2 (3, 9). 

To eva lua t e  if  t he re  is a m a x i m u m  d e p t h  for electro-  
c h e m i c a l l y  e t c h e d  t r enches ,  a C2 s a m p l e  was  anod ized  at  
1V, 13.3 n A / t r e n c h  for 12h. Th i s  w o u l d  p r o d u c e  t r e n c h e s  of  
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Fig. 7. Observed growth rotes of electrochemically etched trenches 
for experiments with different values of voltage, current, and doping. 
(All parameters were held constant during the etching time of o single 
experiment.) 

Fig. 5. SEM micrograph (cross section, 40 ~ of an n-type sample (B1) 
which was masked and pre-etched in KOH. 

a d e p t h  e x c e e d i n g  400 ~m if the  e t ch  ra te  is a c o n s t a n t  
0.6 ~m/min .  B u t  the  cross  sec t ion  of t he se  s a m p l e  s h o w e d  
cy l indr ica l  t r e n c h e s  of 300 ~ m  d e p t h  w i th  cavi t ies  at  t he i r  
t ips  of  a b o u t  30 Fm diam.  Pos s ib ly  t he  e lec t ro ly te  concen -  
t r a t i on  d e c r e a s e d  in the  long  t r e n c h e s  to a va lue  t h a t  
m a k e s  the  cr i t ical  c u r r e n t  dens i ty  JPSL smal le r  t h a n  J, 
w h i c h  p r o d u c e s  e l ec t ropo l i sh ing  cond i t i ons  at  t he  b o t t o m  
of t he  t r enches .  For  h i g h e r  H F  concen t r a t i ons ,  t r e n c h  
g r o w t h  t h r o u g h  t he  en t i re  wafer  t h i c k n e s s  s h o u l d  be  pos-  
sible.  

To t e s t  w h e t h e r  the  g r o w t h  of a p a t t e r n  of  t r e n c h e s  is 
u n i f o r m  in d e p t h  for all t r enches ,  a C2 s a m p l e  was 
a n o d i z e d  at  IV, 13.3 n A / t r e n c h  for 100 ra in  (Fig. 11). This  
s a m p l e  was m e c h a n i c a l l y  t h i n n e d  f rom the  b a c k  s ide a n d  
t h e  d e p t h  d i s t r i b u t i o n  of  a field of  32 x 32 = 1024 t r e n c h e s  
was  analyzed.  The  d e p t h  D of near ly  all t r e n c h e s  (1012) was  
w i t h i n  t h e  r a n g e  59 < D < 63 ~m, n ine  t r e n c h e s  are in  t h e  
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Fig. 6. (a-c) The trench shape as o function of doping (cm s), current 
per trench, and voltage of anodization. (Samples: B1, B2, and B3; draw- 
ings of sample cross section, 0 ~ from SEM micrographs.) (d) Degenera- 
tion of the circular trench cross section for higher anodic bias. (Draw- 
ings from SEM micrographs, plan view 900. -) (e) Schematic dividing and 
joining of trenches. 

d e p t h  r a n g e  49 < D < 59 ~m an d  only  t h r e e  t r e n c h e s  of  a 
lower  d e p t h  were  found.  

In  no  case  was  t r e n c h  g r o w t h  f o u n d  in m a s k e d  or un-  
m a s k e d  p- type  s i l icon samples .  

Parameters  influencing electrochemical trench etch- 
ing . - -The  r e su l t s  p r e s e n t e d  in  the  fo rego ing  sec t ion  show 
t h a t  t h e  p a t t e r n  of  t r e n c h e s  a n d  the i r  s h a p e  is con t ro l l ab le  
b y  an  a p p r o p r i a t e  m a s k i n g  p rocedure .  T h e  d i f fe ren t  pa- 
r a m e t e r s  w h i c h  d e t e r m i n e  t h e  g e o m e t r y  of the  t r e n c h e s  in- 
teract ,  b u t  to m a k e  the  resu l t s  s u r v e y a b l e  we a t t e m p t  to re- 
la te  t h e m  to p rope r t i e s  of  the  e t c h e d  t r enches .  

Anodiza t ion  t ime . - -The  t r e n c h  d e p t h  D is a l inea r  f u n c t i o n  
of  t h e  anod iza t i on  t i m e  t: D = ct, t he  c o n s t a n t  c is a w e a k  
f u n c t i o n  of  the  o the r  pa rame te r s .  This  m e a n s  e v e n  for dif- 
f e rences  of one  order  of m a g n i t u d e  in vol tage,  cur ren t ,  or 
d o p i n g  dens i ty ,  t he  e t ch  ra tes  were  f o u n d  to ave rage  
a r o u n d  0.5 ~tm/min (Fig. 7). 

Photocurrent . - -The c u r r e n t  dens i ty  J a t  t h e  e t c h e d  sur face  
has  to be  lower  t h a n  the  cr i t ical  c u r r e n t  dens i ty  JPSL to pro- 
duce  ETE. The  p r o d u c t  of  p h o t o c u r r e n t  a n d  t ime  deter-  
m i n e s  t h e  v o l u m e  dissolved.  S ince  the  e t ch i n g  t ime  deter -  
m i n e s  t h e  t r e n c h  dep th ,  the  hole  d i a m e t e r  is p r o p b r t i o n a l  
to t h e  squa re  roo t  of  t h e  p h o t o c u r r e n t .  I f  t h e  c u r r e n t  den-  
s i ty  is va r i ed  d u r i n g  the  e t ch i n g  process ,  t he  d i a m e t e r  of 
the  t r e n c h e s  will v a r y  accordingly .  B r a n c h i n g  is r e d u c e d  
for h i g h e r  c u r r e n t  densi t ies .  

Appl ied  voltage.--For low vol tages  ( < I V  wi th  r e spec t  to 
t h e  P t  e lec t rode)  no  t r e n c h  f o r m a t i o n  occurs.  Fo r  h i g h e r  
vo l tages  t r e n c h e s  will  grow if m i n o r i t y  car r ie rs  are avail- 
ab le  in  t h e  bulk ,  e.g., g e n e r a t e d  b y  i l lumina t ion .  A b o v e  a 
d o p i n g  d e p e n d e n t  cr i t ical  vol tage,  n e e d l e - s h a p e d  t r e n c h e s  
will  g row even  if  t h e  s ample  is n o t  i l l umina ted .  Elect r ica l  
b r e a k d o w n  is s u p p o s e d  to be  t h e  r e a s o n  for th is  (5). With  
i n c r e a s i n g  vol tage  the  ho r i zon ta l  cross  sec t ion  of  the  
t r e n c h e s  d e g e n e r a t e  f rom a r o u n d  to a dend r i t i c  s h a p e  (cf. 
Fig. 6d). 

Star t ing  surface conditions (masking) . - -As  s h o w n  above,  
a po l i shed  sur face  resu l t s  in  a r a n d o m  a r r a n g e m e n t  of  
t r e n c h e s  (>106/cm2). T h e  col lec t ing  area  for m i n o r i t y  car- 
r iers  a n d  c o n s e q u e n t l y  t h e  d i a m e t e r  for each  t r e n c h  is de- 
t e r m i n e d  by  the  d i s t ance  to t h e  n e i g h b o r i n g  t r enches .  
Wi th  m a s k i n g  t e c h n i q u e s  the  p a t t e r n  of  t r e n c h e s  is con-  
t ro l lab le  w i t h i n  t h e  l imi ts  g iven  by  t h e  d o p i n g  densi ty .  Fo r  
example ,  if  t h e  t r e n c h  dens i ty  g iven  by  the  m a s k i n g  is too 
h i g h  in re la t ion  to the  d o p i n g  densi ty ,  t he  t r e n c h e s  join.  In  
t h e  r eve r se  case  d iv id ing  occurs  (cf. Fig. 6e). I t  is impor -  
t a n t  to no te  t h a t  t h e  typ ica l  c o n c e p t  of  a mask ,  cove r ing  all 
su r faces  b e t w e e n  des i red  pits,  is no t  necessary .  A s imp le  
p a t t e r n  of  d ep re s s i o n s  in t h e  sur face  is e n o u g h  to in i t ia te  
ETE.  
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Fig. 8. Depth of the space charge region (for 1V bias) and diameter 
of PSL pores (]0-12) and electrochemically etched trenches as a func- 
tion of sample resistivity. 

Doping density.---The n-type doping density determines 
the range of stable hole diameters. If  current density and 
masking would lead to diameters larger or smaller than the 
range of stable diameters, the trenches begin to divide or 
join (cf. Fig. 6e). In Fig. 8 the observed trench diameters 
are shown as a function of the doping density. The diame- 
ters of the trenches are in reasonable agreement with the 
doping dependent width of the space charge region. 
Branching increases with increasing doping density. 

Place of minority carrier generation.--Front side illumina- 
tion with short wavelength (<800 nm) produces a homoge- 
neously etched surface. The unfiltered lamp radiation 
gives cone-shaped trenches. Their depth is limited by this 
geometry and depends on the wavelength distribution. 
Back side illumination produces cylindrical trenches. Of 
course, nonuniformities of the illumination or the minority 
carrier lifetime will lead to nonuniform current densities 
(8) and consequently to different trench diameters. 

Crystal orientation.~According to Fig. 4a, the direction of 
the trench growth should be orthogonal to the boundary 
plane between space charge region and bulk. Figure 9 
demonstrates that this is indeed the case for (100) samples. 
The trenches grow in the <100> direction with high preci- 
sion. For (111) silicon the trench tips are still growing pref- 
erably in the <100> direction. For (11i) material the (100) 
planes are not orthogonal to the surface and the trenches 
develop a fir-tree shape by continuous dividing. In both 
cases, however, the boundary-plane between the space 
charge region and bulk material determines the overall di- 
rection of trench growth; Fig. 4b illustrates this. 

The trench geometry is controllable within the limits im- 
posed by these parameters. This is illustrated by SEM mi- 
crographs (Fig. 9-11) which show a great variety of trench 
dimensions and aspect ratios. 

Model for the formation mechanism of electrochemically 
etched trenches.~The dissolution of nonilluminated n-type 
silicon under anodic bias in HF is discussed in detail by 
Theunissen et al. (4, 5). In short, if the electrical field ex- 
ceeds a critical breakdown field strength (16), spontaneous 
trench growth occurs even at polished surfaces. The elec- 
trical field strength increases with increasing doping den- 
sity and applied voltage. If trenches have developed, the 
breakdown field strength is reached even for lower volt- 
ages by the geometrical field enhancement around the 
trench tips (cf. Fig. 4a), which leads to point discharge. 
This effect is the reason, by the way, for nonreproducible 
current-voltage curves for the anodic region of n-type sili- 
con. Trenches generated by breakdown will be needle 
shaped and strongly branched. The chemical reaction is 

6HF + Si ~ SiF62- + H2 + 4H + + 2e- 

Fig. 9. SEM micrograph (cross section, 0 ~ of electrochemically 
etched trenches with high aspect ratio. (B2 sample, 10V, 30 min, 
330 pA/trench; all three samples: photocurrent adjusted by back side 
illumination, PSL removed by 10s in 10 w/o KOH.) 

The electrons arc injected into the bulk by point discharge 
at the trench tips. 

If  the sample is illuminated while etching, the photocur- 
rent becomes an additional parameter (besides the 
breakdown current). If the breakdown mechanism is sup- 

Fig. 10. Micrograph of trenches with larger diameter produced with 
the same mask as trenches in Fig. 9. (B3 sample, 10V, 30 min, I hA/ 
trench.) 
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Fig. 1 i. Trenches with large dimensions produced with mask C. (C2 
sample, 1V 100 min, 13.3 nA/trench.) 

pressed  (for low voltage,  low doping,  h igh photocurrent) ,  
the  growth  of every  t rench  is de te rmined  by its success in 
col lect ing pho togenera ted  minor i ty  carriers. I f  the  
t renches  are spaced in equal  dis tances  (by masking)  they  
will  have  equal  g rowth  rates. In this case (no breakdown)  
the  t rench  walls will  be smooth  and no branching  occurs.  

I f  samples  are anodized wi thout  masking,  the  d iameter  
of  the  resul t ing t renches  will be doping  dependen t  and 
therefore  in ag reement  wi th  the  wid th  of space charge re- 
g ion in this material .  I f  there  is a significant  misfit  be tween  
this stable d iameter  and the  t rench  spacing the  t renches  
will  jo in  or divide.  The  react ion scheme  is ident ical  wi th  
the  react ion men t ioned  above with  the excep t ion  that  
pho togenera ted  holes (2h § are necessary to induce  the  re- 
act ion at the  t rench  tips 

2h § + 6HF + S i ~  SiFs 2- + H2 + 4H § 

I f  one assumes  that  a layer exists  which  protects  the  
walls f rom being etched,  the  observed  doping  dependence  
of  the  effect  would  be  inexplicable.  F r o m  these  resul ts  it is 
conc luded  that  the space-charge region i tself  protects  the  
t rench  walls f rom being  etched.  The  border l ine  be tween  
space-charge region and bulk  is a plane benea th  the  t rench  
tips. In o ther  words,  the whole  region be tween  the 
t renches  is depleted.  If  all minor i ty  carriers are col lected 
by the  t rench  tips there  are none  left  to pe rmi t  e tching of  
t he  wall. This  means  that  a deple t ion  effect  is the  reason 
for ETE, not  an inhibi t ion layer of  a different  chemica l  
compos i t ion  at the  t rench  walls. 

F r o m  these  findings, the charge t ransfer  at the  tips and 
not  mass  t ransfer  in the t rench  is p roposed  to be the limit- 
ing step for t rench  growth. I f  this is true, the  fast mass 
t ransfer  in the  small  t renches  and the even faster one in the  
nar row P S L  pores  are still open quest ions.  

The  hydrogen  evolu t ion  probably  occurs  at the t rench 
openings,  in o ther  words  there  are no bubbles  in the  
t rench.  This is conc luded  f rom observat ions  of small  
(< 100 ~m) cathodic  hydrogen  bubbles  dur ing  expe r imen t s  
invest igat ing defects  in SiO2 layers (17). When the  hydro-  
gen  genera t ing  cathodic  current  is swi tched off, bubbles  
which  are smal ler  than  100 ~tm decrease  in d iamete r  and 
d isappear  after several  seconds.  This  is unders tandab le  

due  to the  high-pressure  P in small  bubbles ,  defined by 
P = Po + 2(~/r (radius r, surface tens ion  g, ambien t  pres- 
sure  Po). 

The  s trong dependence  of the t rench  growth  on crystal  
or ientat ion migh t  be a resul t  of  sl ightly di f ferent  e tch rates 
for different  crystal  planes at the  t rench  tips. This will  pro- 
duce  a cone-shaped  tip profile (Fig. 10 and 11) wi th  the  
h ighes t  field s t rength at its center,  adjust ing the growth di- 
rect ion to <100>. 

This  hypothes is  may  also give some new insight  for P S L  
growth.  The  measured  pore d iameters  of  P S L  (10-12) 
g rown  on degenera te  si l icon samples  are in ag reement  
wi th  the t rench  d iameter  dependence  on dop ing  dens i ty  
shown in Fig. 8. In addit ion,  TEM images  of  P S L  in de- 
genera te  (100) sil icon show pores  or thogonal  to the surface 
(10). The growth  of  P S L  on degenera te  si l icon is a s sumed  
to be similar  to ETE with  smal ler  t renches  depend ing  on 
the  h igher  doping  density.  

P S L  in nondegenera te  si l icon is found to be different  
f rom P S L  in degenera te  silicon (10, 11, 13). The  very  tow 
conduct iv i ty  (14) and the  t ransmi t tance  for vis ible  l ight 
(even for porous  layers up to 50 ~m) indicate  a dif ference 
be tween  the band s t ructure  of bulk  sil icon and the  result- 
ing PSL.  Never theless ,  it may  be p re sumed  that  the  P S L  
growth  in nondegenera te  si l icon is also a deple t ion  effect. 
Contrary to the  deple t ion  region genera ted  by an appl ied 
voltage,  the  deple t ion  occurs  direct ly  f rom the very  narrow 
[<2 n m  (11)] pores, which  by themse lves  s t rongly disturb 
the per iodic  potent ia l  in the small  mater ial  regions remain-  
ing be tween  them. 

Finally,  we  would  like to men t ion  the  surpr is ing similar- 
i ty be tween  the  proper t ies  of  ETE and the  channels  e tched  
in a l u m i n u m  foils. If  an a luminum sample  is anodized in 
hal ide conta in ing electrolytes,  a h igh  dens i ty  (105/cm 2) of 
e tch channels  is p roduced  and the di rect ion of growth is 
< 100>. The  tunne l  walls and the sample  surface are appar- 
ent ly  passive. The growth rate (1-10 ~m/min) is a l inear 
funct ion  of  t ime and insensi t ive  to the  o ther  parameters .  
The  a l u m i n u m  mus t  be very  pure  for channel  etching,  
even  different  lots of high pur i ty  (99.99%) show different  
proper t ies  (18, 19). By pho tocur ren t  measurements ,  a 
s emiconduc t ing  in te rmedia te  phase  of  a l u m i n u m  oxide  
was found with  a smaller  bandgap  (2-3.5 eV) than  A1203 
(8-9 eV) (20). 

The  object ion that  there  is no deple t ion  be tween  the  
channels  in a luminum is justified. But  for t rench  growth  
only an insoluble,  insulat ing layer is a s sumed  by the  pre- 
sen ted  hypothes is  which  makes  the tips more  effect ive in 
col lec t ing  charge carriers by their  h igher  electr ical  field 
strength.  This layer may  be insulat ing by a different  chem-  
ical (a luminum oxide  for A1) or e lectronic  (the space 
charge  region for Si)  composi t ion.  It  is not  essential,  
whe the r  the  charge t ransfer  occurs  by breakdown,  by tun- 
nel ing of  electrons,  or by genera t ion  of  charge carriers in a 
s emiconduc t ive  layer (either by i l luminat ion or by high 
field strength). In any case, the  electric field e n h a n c e m e n t  
which  originates in the geomet ry  of  the t rench  tip i tself  is 
a s sumed  to be the dr iving force in the e lec t rochemica l  
t r ench  e tch ing  m e c h a n i s m  in a luminum,  jus t  as in silicon. 

Conclusions 
Elec t rochemica l ly  g rown random t rench  pat terns on 

n- type  si l icon offer new possibil i t ies for genera t ing  sur- 
faces wi th  high absorpt ion  coefficients. They migh t  be use- 
ful as emi t t ing  sources  (black bodies) or for col lector  appli- 
cat ions (solar cells). The  possibi l i ty  of  localizing 
e lec t rochemica l ly  e tched  t renches  in a feasible pat tern by 
a mask ing  procedure  and their  control lable  shape permi ts  
a mul t i tude  of  appl icat ions in e lectronic  and microme-  
chanic  devices.  S tudy ing  the  pi t t ing and t rench  growth ef- 
fects in a wel l -unders tood mater ia l  l ike sil icon migh t  give 
some  new insights  for corrosion mechanisms.  

Manuscr ip t  submi t ted  March 31, 1989; revised manu-  
scr ipt  rece ived  ca. Sept.  1, 1989. 

S iemens  A G  assis ted in mee t ing  the p u b l i ca t i o n  costs o f  
this  article. 
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ABSTRACT 

Silicide layers on silicon can be thermally oxidized in such a way as to grow a layer of (metal-free) SiO2 without affect- 
ing the integrity of the silicide. The conditions necessary for this to occur depend on the rate of silicon (or metal) transport 
through the silicide, and on the rate of oxygen consumption at the silicide/oxide interface. These conditions can be de- 
fined in terms of the thermodynamics of silicon and metal oxidations. One obtains two equations for transport through the 
respective layers and one for the chemical reaction rate at the silicide/oxide interface. The simultaneous solution of  these 
three equations enables one to determine (at least theoretically): (i) the maximum allowable drop in silicon activity at that 
interface, and (ii) under what conditions the metal in the silicide would oxidize concurrently with silicon. 

With some exceptions [see Ref. (1)], under the proper 
conditions (2-5), silicide layers on a silicon substrate can be 
thermally oxidized with the formation of pure SiOa, with- 
out any metal oxidation. How is this possible? The ques- 
tion has received various answers, some have emphasized 
(6) the kinetic aspects of the question, others (7-9) have 
rightfully shown that the phenomena are largely domi- 
nated by thermodynamic considerations. (In this respect 
one notes that during oxidation one has a system of three 
components--metal ,  silicon, and oxygen--and four 
phases--silicon, silicide, oxide and oxygen. At constant 
temperature and pressure such a system cannot be in a 
condition close to equilibrium; that would violate the 
phase rule.) Historically the problem may be seen as a spe- 
cial case of the more general problem of alloy oxidation, 
that was the object of two articles (10, 11) in this journal 
many years ago. Therein one may find the oxidation condi- 
tions under which a single oxide is formed over a binary 
alloy. Since this is largely a matter of the sufficiently rapid 
diffusion of atoms within the metal matrix being oxidized, 
there is a tendency to see the problem and its solution in 
kinetic terms. However, there exists in this case a very 
strong, yet subtle, correlation between kinetics and ther- 
modynamics that has been revisited (12) a few years ago. 
For the special case of the silicides, this has been ex- 
pressed (5) completely only by graphical means. The dif- 
ferential equations and their solution were presented (13) 
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earlier but with emphasis on kinetics per se, rather than 
the thermodynamic implications. The model here follows 
the pattern established for the derivation (14, 15) and inter- 
pretation (16, 17) of the linear-parabolic law of oxidation, 
that is well known to those familiar with silicon technol- 
ogy. The treatment will be almost purely mathematical; for 
an analysis of the physical problems of diffusion, decom- 
position, etc. which enter in studies of silicide oxidation, 
the reader should consult one of several available reviews, 
especially Ref. (2, 4, and 5). For thin silicide layers, and/or 
extremely fast diffusion in these layers, one finds the usual 
linear-parabolic equation, whose practical validity even 
for silicide oxidation was established (18, 19) previously. 
However, the solution remains nearly linear-parabolic 
even away from such limiting conditions. 

For a multiplicity of reasons only the formation of pure 
SiO2 will be considered. To begin with this is the only sub- 
ject  that has been investigated thoroughly, with perhaps 
only one exception, the oxidation of NbSi2 on a SiO2 sub- 
strate, resulting in the formation of a mixture (20) of ox- 
ides. With another silicide that is widely used in current 
electronic technology, WSi2, metal oxidation results in the 
formation of volatile tungsten oxides. These blister 
through the layer of SiO2 and destroy its integrity. The for- 
mation of silicates is conceivable but of limited interest 
since it would damage the silieide layer. With TiSi2 (to be 
mentioned again later), the oxide equilibrium diagram 
(21, 22) shows no intermediate phases between TiO2 and 
SiO2 and limited solubility of TiO2 in SiO2. Some silicides 




