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ABSTRACT 

Profile etching experiments  made on InP in solutions of Br2-HBr revealed that the profile shape is strongly dependent  
on the resist orientation and on whether  SiO2 or photoresist is used as a mask..It was found that the local etch rate of the 
(11 Din crystallographic planes can be significantly enhanced near the resist edges. In the extreme case the dissolution rate 
was found to be controlled by Br2 diffusion in solution which resulted in rounded profiles. A model is proposed which can 
account for this apparently anomalous etching behavior. The anisotropic etching of thin surface layers is essential in this 
model. Experimental  results can be explained if it is assumed that native oxide layers covering the monocrystalline InP 
substrates play this role. The local etching kinetics of crystallographic facets and, consequently, the profile shape are 
strongly determined by the lateral etch rate of these oxide layers. 

InP devices are widely used in optical telecommu- 
nication systems (1). Etching of special predetermined 
forms is an essential step in the production of these de- 
vices. Recently, we have shown that the shape of III-V 
semiconductor  profiles near resist edges depends not only 
on the dissolution kinetics of individual crystallographic 
planes but also on the dissolution mechanism (2, 3). It was 
concluded that, due to the formation of a native oxide 
layer, electroless etching systems generally cannot be ap- 
plied to dissolve InP. This was attributed to the fact that 
transfer of free charge carriers from an oxidizing agent in 
solution to the semiconductor  is strongly inhibited by the 
oxide. On the other hand, chemical etchants were found to 
be more appropriate, as these solutions dissolve both the 
oxide and the underlying InP substrate [Table 7.1 of (3)]. 
One of these chemical  etching systems, viz., the Br2-HBr 
system, was investigated in detail in previous work (2-4~. 
On the basis of this work it was concluded that the macro- 
scopic etching kinetics of various crystallographic faces is, 
in many cases, a good guideline in predicting the profile 
shape near resist edges. However, anomalous etching re- 
sults were obtained under  certain experimental  conditions 
which shows that the macroscopic and local, "micro- 
scopic," etching kinetics may be quite different. This leads 
us to conclude that factors other than those determining 
the macroscopic etching kinetics may contribute to disso- 
lution near the resist edges. The aim of the work described 
in this paper is to determine these factors. The etching be- 
havior of the InP/Br2-HBr system at resist edges was there- 
fore investigated in more detail. The influence of both the 
nature of the resist and the resist orientation on the profile 
shape was examined. In addition, the temperature de- 
pendence of the etching process was investigated. 

In previous works bromine was found to be the active 
etching species in the above system (2-4). Since the partial 
vapor pressure of Br2 is large in aqueous solutions an ex- 
cess of Br- was added to the etchant to complex Br2, 
mainly leading to Br3-. Stable solutions are obtained in 
this way. However, to reduce the contribution of etching 
by HBr, which is also a chemical etchant for InP in its un- 
dissociated form (2), the HBr concentration should not ex- 
ceed 5 molar (3, 4). An 0.1M Br~ and 4.5M HBr solution was 
therefore used as etchant in the present work. 

Exper imenta l  
The zinc-doped InP slices were obtained from liquid- 

encapsulated Czochralski material which was grown at 
this laboratory. The carrier concentration was in the range 
of 1-2 • 1018 cm 3. The (001) oriented InP crystals were 
mechano-chemically polished in a methanol  solution con- 
taining 0.1M Br2 (5). 

To perform the profile etching experiments the (001) sur- 
faces of the crystals were partly covered with a resist layer. 
Two different patterns were used. For one series of experi- 
ments we covered only half of the crystal surface with re- 
sist which we denote as the semi-infinite case. For another 

series, a masking pattern with variable slit width (a) was 
used (se e Fig. 1). The widths used were a = 1, 3, 10, 30, 100, 
300 to 1000 ~m. The unmasked stripes in the resist pattern 
were aligned in two directions as shown in Fig. 1, perpen- 
dicular to the two [}lanes which can be very easily cleaved, 
i.e., the (110) and (110) planes (5). Either an SiO2 layer or a 
photoresist layer was used as masking material. The SiO2 
resists which were produced with conventional CVD tech- 
nology at an operating temperature of 400~ had a thick- 
ness (dr) of about 100 nm. The photoresist (HPR-204) was 
obtained from Hunt. Thin photoresist layers at the surface 
were made by spinning the wafers at 6000 rpm at room 
temperature. The resist patterns were produced by stand- 
ard photolithographic techniques and were baked for 30 
rain at 120~ The mask preparation procedures were per- 
formed in a "clean room." The orientation accuracy was 
determined by a microscope and was better than 0.05 ~ The 
samples were about 6 • 6 mm large and were mounted on 
a glass plate before etching. 

The glass plate with the sample was placed horizontally 
in a closed vessel containing the etching solution. The ves- 
sel was surrounded by a waterjacket to allow the etching 
solution to be thermostated at various temperatures (ac- 
curacy, _+ 0.5~ The temperature range at which the etch- 
ing experiments were performed was between -10 ~ and 
+40~ To cool down the etchants a cryostat (PBC-4 bath 
cooler from Neslab Instruments,  Incorporated) was used 
in combination with the thermostat. The etching experi- 
ments were performed in the dark. All solutions were pre- 
pared from reagent grade chemicals [100% bromine (-20 
molar) and 47% hydrobromic acid ( -9  molar)] and were di- 

reslsf ~ f e c e  

Fig. 1. Resist orientation in two directions at right angles on the 
(001) semi_conductor surface. The resist edges are aligned either in the 
[110] or [110] direction, perpendicular to the (110) and (110) cleave 
faces, respectively. The resist thickness is represented by dr and the slit 
width by a. The width is varied between 1 I~m and semi-infinite. 
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Fig. 2. SEM photographs of profiles after 7.5 min etching in a solutlonof 0.1M Br2, 4.5M HBr. The crystals were covered with a semi-infinite Si02 
mask. The profile shown in A was obtained with the resist aligned in the [ 110] direction at an etching temperature of 20~ A higher magnification of 
the same profile in the resist-edge region is shown in B. Profile C was etched with the resist oriented in the [110] direction at a temperature of 0~ 
The etch rate of the (111 )In facet in the [110] direction is defined in D. 

l u t e d  w i t h  d e i o n i z e d  water .  Af te r  e t ch ing ,  t he  s l ices we re  
c l eaved  p e r p e n d i c u l a r  to t h e  res i s t  edge  a n d  t he  e t c h e d  
prof i les  w e r e  e x a m i n e d  in  a s c a n n i n g  e l ec t ron  m i c r o s c o p e  
(SEM). 

Results 
Prof i le  e t c h i n g  e x p e r i m e n t s  w e r e  p e r f o r m e d  in  a solu- 

t i on  of  0.1M Br2 a n d  4.5M H B r  at  va r ious  t e m p e r a t u r e s .  T h e  
su r f ace  was  m a s k e d  w i t h  a semi - in f in i t e  SiO2 layer  a l igned  
in e i t h e r  t h e  [110] d i r e c t i o n  or  t h e  [110] d i rec t ion .  T h e  semi-  
c o n d u c t o r  was  e t c h e d  for  7.5 m i n  at a t e m p e r a t u r e  be- 
t w e e n  - 8  ~ a n d  +40~ Typ ica l  e x a m p l e s  of  e t c h e d  prof i les  
o b t a i n e d  w i t h  t h e  res i s t  in  t h e  two  d i r ec t i ons  are  s h o w n  in 
Fig. 2. T h e  prof i le  o b t a i n e d  in t h e  [110] d i r ec t i on  at  a t em-  
p e r a t u r e  of  20~ is s h o w n  in  Fig. 2A. A face t  is c lear ly  re- 
v e a l e d  n e a r  t h e  res i s t  edge.  Th i s  i n d i c a t e s  t h a t  t h e  e t ch  ra te  
of  t h e  face t  is k ine t i ca l l y  con t ro l led .  T h e  face ted  edge  
m a k e s  a n  ang le  of  54 ~ w i t h  t h e  (001) su r face  a n d  is t h u s  at- 
t r i b u t e d  to t h e  ( l l l ) I n  p l a n e  (6), t he  s a m e  face w h o s e  mac-  
ro scop ic  e t ch  r a t e  was  also f o u n d  to b e  k ine t i ca l ly  con-  
t ro l l ed  (2-4). As  de f ined  in  t h e  p r e v i o u s  w o r k s  t he  e t c h  ra te  
of  t h i s  face t  [v~m~In] c an  b e  o b t a i n e d  f r o m  i ts  d i s p l a c e m e n t  
w i t h  r e s p e c t  to  t h e  res i s t  e d g e  a n d  t he  e t c h i n g  t ime.  To ob- 
t a in  a n  a c c u r a t e  e s t i m a t e  of  t he  e t ch  ra te  a h i g h e r  magnif i -  
ca t ion  of  t h e  c o r n e r  r eg ion  of  t he  s a m e  profi le  was  u s e d  
(Fig. 2B). 

C u r v e  (a) of  Fig. 3 s h o w s  t h e  d e p e n d e n c e  of  t he  e t ch  ra te  
of  t h e  (111 ) In  face t  o n  t he  t e m p e r a t u r e  in  a n  A r r h e n i u s  p lo t  

for  [110] a l i g n m e n t  of  t h e  res i s t  layer.  T h e  l o g a r i t h m  of  
vr is l i nea r ly  d e p e n d e n t  on  t h e  r ec ip roca l  of  t h e  tem-  
pe ra tu re .  F r o m  t h e  s lope  of  th i s  l ine  a n  ac t iva t ion  e n e r g y  
of  41 x 103 J �9 mo1-1 is ca lcu la ted .  Th i s  va lue  is typ ica l  o fk i -  
ne t i ca l ly  c o n t r o l l e d  p r o c e s s e s  (7). T h e  a g r e e m e n t  of  t he  
e t ch  ra te  of  t h i s  p l a n e  in  t h e  e t c h e d  prof i les  a n d  t h e  chemi -  
cal e t c h  ra te  of  t h e  m a c r o s c o p i c  p l a n e  at  t h e  s a m e  t e m p e r a -  
t u r e  as d e t e r m i n e d  in  (4) is exce l len t .  T h e  c u r v e d  sur face  
f u r t h e r  r e m o v e d  f r o m  t h e  m a s k  (Fig. 2A) shows  t h a t  the  
e t ch  ra te  of  o t h e r  facets ,  i n c l u d i n g  t h a t  of  t h e  (001) surface,  
is d i f fus ion  con t ro l l ed .  T h e  e t ch  d e p t h  in  t h e  v ic in i ty  of  t he  
res i s t  edge  is s t r ong ly  e n h a n c e d  d u e  to t w o - d i m e n s i o n a l  
d i f fus ion  of  b r o m i n e  spec ies  in  so lu t ion .  Th i s  is in  accord-  
a n c e  w i t h  t h e  r e p o r t e d  m a t h e m a t i c a l  m o d e l s  (8, 9). 

A typ ica l  e x a m p l e  of  a prof i le  o b t a i n e d  in  t h e  [110] direc-  
t ion  a t  0~ is s h o w n  in  Fig. 2C. In  th i s  case  t h e  facet  m a k e s  
a n  ang le  of  a p p r o x i m a t e l y  126 ~ w i t h  t h e  o v e r h a n g i n g  res is t  
layer.  S i n c e  t h e  res i s t  edge  is a l igned  in t h e  [110] d i rec t ion ,  
c r y s t a l l o g r a p h i c  c o n s i d e r a t i o n s  lead us  to  c o n c l u d e  t h a t  a 
( l l l ) I n  face t  h a s  aga in  b e e n  e x p o s e d  (6, 10). T h e  e t ch  ra te  
of  t h e  (111)In face t  c an  also b e  o b t a i n e d  f rom i ts  d isp lace-  
m e n t  w i t h  r e s p e c t  to t h e  res i s t  edge  a n d  t h e  e t c h i n g  t ime,  
as s h o w n  s c h e m a t i c a l l y  in  Fig. 2D. Curve  (b) of  Fig. 3 re- 
vea l s  a l inea r  d e p e n d e n c e  of  t h e  l o g a r i t h m  of  th i s  e t ch  r a t e  
on  T -~ in  t h e  t e m p e r a t u r e  r a n g e  - 8  ~ to +20~ Th i s  l ine  ha s  
t h e  s a m e  s lope  as c u r v e  (a) of  th i s  figure.  I t  is, however ,  
s t r an g e  t h a t  t h e  e t ch  ra te  of  t h e  (111)In p l a n e  in t h e  [110] di- 
r e c t i o n  is a b o u t  five t i m e s  h i g h e r  t h a n  t h a t  in  t h e  [ l l 0 ]  di- 
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Fig. 3. The local etch rate of the (111)In plane, as obtained from 
profile etching experiments performed with a semi-infinite Si02 mask 
as a function of the reciprocal temperature. The same etchant was used 
as in Fig. 2. The_etching time was 7.5 rain. Curve (a): the Si02 mask 
aligned in the [110] direction; curve (b): alignment in the [110] di- 
rection. 

rection in the corresponding temperature range [compare 
curves (a) and (b) of Fig. 3]. This is even more surprising 
since the local etch rates in curve (a) agree with the re- 
ported macroscopic etch rate (4). 

A deviation from the straight line is found at 40~ [see 
Fig. 3 curve (b)]. This must  be attributed to the fact that 
etching of  the ( l l l ) I n  facet is no longer kinetically con- 
trolled but has become diffusion controlled. Indeed, at this 
temperature a rounded profile is obtained in the [110] di- 
rection, without any facet as one would expect  (8, 9). The 
temperature dependence of the etch rate is significantly 
lower under these diffusion-controlled conditions, which 
is indicated by a decreased slope in the Arrhenius plot 
[curve (b) of  Fig. 3]. This is in agreement  with the consider- 
ations given by Mort and Watanabe (7). That a gradual tran- 
sition from kinetically controlled to diffusion-controlled 
etching occurred in this temperature range could also be 
deduced from the fact that, on going from lower to higher 
temperature,  the length of the (111)In facet in the profiles 
strongly decreased, ultimately disappearing at the highest 
temperature.  This is not observed with the profiles in the 
[110] direction. 

Etching experiments  were also performed at various 
temperatures using a photoresist  layer as a mask. The slit 
width was varied between i and 1000 ~m. The resist layers 
were aligned in both the [110] and [110] directions. For 
comparison the same experiments  were performed with 
crystals masked with SiO2. Typical examples of profiles 
etched for 7.5 min through a 10 ~m slit at a temperature of 
20~ are shown in Fig. 4. The results obtained with the 
SiO~ resist in both directions (Fig. 4A and B) are similar to 
those shown in Fig. 2 where a semi-infinite resist pattern 
was used. The etch rate of the (111)In facet in the [il0] di- 
rection (Fig. 4A) agrees with the macroscopic etch rate. In 
the [110] direction (Fig. 4B) the etch rate is significantly en- 
hanced [compare also curves (a) and (b) of Fig. 3]. 

Results obtained with photoresist  layers in the [110] di- 
rection show a V-groove shape (Fig. 4C), similar to that 
found with the SiO2-resist in the corresponding orientation 
(compare with Fig. 4A). Here too, a linear dependence of 
log v(m)~n on T -1 was observed. The line has the same slope 
as found before in curve (a) of Fig. 3, thus indicating that 
the dissolution rate of the ( l l l ) I n  facet is kinetically con- 
trolled. It should, however,  be noted that the etch rate of 
the ( l l l ) I n  face in the photoresist  case is significantly 
higher than that found with SiO2 resist (compare Fig. 4A 
and C). Strikingly, the profiles found in the [110] direction 
did not reveal any crystallographic facet (Fig. 4D). In con- 

trast to the result found with SiO2 in the corresponding re- 
sist orientation, rounded profiles are observed (compare 
Fig. 4B and D). These profiles were observed not only at 
20~ but even at very low temperatures (-10 ~ < T < 20~ 
A plot of the logarithm of the underetch rate as a function 
of the reciprocal temperature also yields a straight line. 
However, the slope of this line is much lower than that 
found for kinetically controlled reactions. This is expected 
for a diffusion-controlled process (7). From the slope, an 
activation energy of 15 x 103 J �9 mol 1 is calculated. Similar 
etching results as those described above were also found 
with other slit widths. 

It is well-known that native oxide layers which are al- 
ways present at the surface of III-V semiconductors (11), 
may have a considerable thickness in the case of InP. Sev- 
eral authors (12-14) attributed changes in the shape of pro- 
files at InP to changes in both the thickness and the nature 
of the thermally grown oxide layers. The shape of the pro- 
files was found to be dependent  on the temperature and on 
the conditions under which the various oxide layers were 
formed. The fact that the etching profiles are strongly de- 
pendent  on whether  an SiO2 layer or a photoresist layer is 
used suggests that the resist induces changes in the mor- 
phology of the oxide. 

In order to investigate the effect of a native oxide film at 
InP on the microscopic etching kinetics, etchants are re- 
quired which can dissolve the oxide below resist layers se- 
lectively with respect to the InP substrate. HBr solutions 
were found to be appropriate for this purpose. A 4.5M HBr 
solution was used at various temperatures to investigate 
this selectivity. Two .aspects were studied: the anisotropy 
in the etch rate of the ( l l l ) I n  facet in [110] and the [110] re- 
sist orientations [see e.g., curves (a) and (b) of Fig. 3] and 
the pronounced differences obtained with different resist 
layers. The results found with an S i Q  resist at 40~ are 
shown in Fig. 5. The cross-section near the SiO~ edge in the 
[110] direction is shown in Fig. 5A. It is obvious that the un- 
deretching is considerable. It is further noted that etching 
mainly occurred in the region where the resist layer was 
originally positioned on the InP surface. Outside this re- 
gion in the unmasked area the InP has hardly been etched, 
as would be expected from the low macroscopic etch rate 
measured in HBr solutions of this composition (2-4). In 
contrast to the result of Fig. 5A no underetching is found 
in the [110] direction. This can also be seen in the top-view 
shown in Fig. 5B. Underetching is not found along the en- 
tire resist edge in the [110] direction. An almost constant 
value of 5.6 i~m is found in the [110] direction, which shows 
that etching proceeds uniformly along the entire resist 
edge. 

Similar results, revealing the importance of the crystal 
orientation, were also found with photoresist as mask. The 
effects at the resist/substrate interface are even more pro- 
nounced than in the SiO2 case. This is illustrated in Fig. 6. 
A comparison between the results obtained with the 
masked edge in the [110] direction under identical etching 
conditions with a photoresist  (Fig. 6A) and an SiO2 resist 
(Fig. 6B) reveals that the lateral etch rate in the former case 
is approximately three times higher. As in the SiO2 case, 
etching proceeds uniformly along the entire resist edge 
and is l imited to the region below the mask. The etch rate 
of the uncovered InP outside this region is again negligi- 
bly low. It was found that the lateral etch rate in the pres- 
ent HBr solution depends strongly on the temperature of 
the etchant. However, etching stops completely below a 
critical temperature, around 20~176 

Discussion 
A comparison between the macroscopic etching results 

reported in (3, 4) and the profile etching results of Fig. 2-4 
clearly shows that the microscopic and macroscopic etch- 
ing kinetics may be quite different. This depends on the 
orientation of the resist layers (Fig. 3) and also on the na- 
ture of these layers (Fig. 4). This indicates that factors 
other than those determining the macroscopic etching ki- 
netics may contribute to the dissolution near resistedges.  

It has been suggested by Huo et al. that a reduced adhe- 
sion between the resist layer and the substrate may be the 
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Fig. 4. Dependence of the profile on both the type and the orientation of the resist for the InP/0.1M Br2, 4.5M HBr etching system. Etching was 
performed at 2.0~ during 7.5 min and a = 10 llm in all cases. The results found with_SiO2 resist are shown in the SEM photographs A and B. Those 
obtained with phatoresist are shown in C and D. The resist was aligned in either the [ 110] direction (A and C) or the [110] direction (B and D). The 
same magnification is used in all photographs. 

cause of the various etching profiles (14). In this respect it 
should be emphasized that the profiles described here are 
completely reproducible under a variety of etching condi- 
tions. This is also evident from the reproducible linear de- 
pendence found in the Arrhenius plots of Fig. 3. Moreover, 
the lack of adhesion cannot explain the anisotropy found 
with each resist layer in the two resist orientations. Fur- 
thermore, it has been shown that surface modifiers or 
primers, which function is often attributed to improve the 
adhesion between a substrate and a resist layer, accom- 
plish just  the opposite effect, i.e., an enhancement  of etch 
rates of crystallographic facets near the primer layer, while 
reduced etch rates would be expected as a result of a better 
adhesion (13, 14). For these reasons, it seems very likely 
that the different etching profiles are not due to adhesion 
problems. 

The importance of the oxide film for etching of profiles 
in InP has been clearly shown by Dautremont  et  al. (12). 
Two important  conclusions can be drawn on the basis of 
their work and the present etching results in HBr solutions 
at elevated temperatures. 

In the f irs t  place, it is clear that resist layers induce 
changes in the native oxide as a result of which etching is 
initiated only in the vicinity of the resist (see Fig. 6). Since 
oxides have,.in general, an amorphous structure (15-17), it 
is rather surprising that the etch rate is direction depend- 
ent (see Fig. 5B). It should, however, be kept in mind that 
the underlying InP is monocrystall ine and that initially the 
oxide may grow epitaxially. That such a mechanism is 
realistic was recently shown by Ourmazd et  al. (18) for Si, 
covered with an amorphous SiO2 film. Using high resolu- 

tion transmission electron microscopy, they showed that 
the transformation from crystalline Si to amorphous SiO2 
proceeds via a thin crystalline transition layer. The crystal- 
line SiO2 layer was found to have a completely different 
atomic structure in the [110] and [110] directions. We sug- 
gest that the thin native oxide film on InP also has an or- 
dered crystal structure. Whether the complete oxide layer 
or only a thin transition region is crystalline is not impor- 
tant for the present discussion. The ani_sotropic etching be- 
havior of the oxide layer found in the [110] and [110] direc- 
tions (Fig. 5B) can be explained by assuming that the 
chemical resistivity is dependent  on the atomic structure 
of the oxide. 

In the second place it is clear that the type of resist in- 
fluences considerably the etch rate of the oxide layer 
(Fig. 6). This may be attributed to differences in oxide 
structure. In this respect it is important to note that the 
procedure for applying the mask to the substrate is differ- 
ent for the two resists used. In particular, the considerable 
difference in temperature is probably important; photore- 
sist is applied at room temperature and is subsequently 
baked at 120~ whereas the SiO2 is deposited at 400~ The 
pretreatment temperature was reported to have a signifi- 
cant influence on etched profiles (12-14). 

It can be concluded that the dissolution rate of the crys- 
talline top layer strongly depends on its orientation and 
also on the nature of the mask. It is not clear whether the 
top layer consists only of a crystalline oxide film or 
whether that pa r t  of the substrate, which might be dis- 
turbed by the pretreatment procedure, must  also be con- 
sidered. 
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Fig. 5. Anisotropic results obtained with InP after 10 min etching in a 
4.5M HBr solution at 40~ SEM photograph A shows a cross section of 
the profile with the SiO2 mask aligned in the [110] direction. Lateral 
etching only occurred in the mask-edge region; the white area below 
the curled resist is due to charging in the SEM. The top view (B) con- 
firms uniform underetching for mask alignment in the [110] direction; 
no underetching is found with the mask edge in the [110] direction. 

The influence of thin surface layers on the shape of 
etched profiles in isotropic materials has been reported by 
several authors (16, 19, 20). These materials are often inten- 
tionally covered with a thin surface film of different com- 
position to obtain special effects. The so-called bevel or 
taper etching is based on the fact that the etch rate of the 
thin top layer covering a substrate material under  the re- 
sist layer is higher than the etch rate of the substrate mate- 
rial in the same etchant. It has been shown that by regulat- 
ing the etch rate of the top layer, either by changing the 
nature of this layer (15, 16) or the composition of the etch- 
ant (19, 20), the beveling angle can be adjusted between 3 ~ 
and 40 ~ To regulate the beveling angle over such a wide 
range, etching of the substrate must  be isotropic (15). For 
this reason only polycrystalline (19) and amorphous mate- 
rials (15, 16, 20), very often metals (19, 20) or oxides (15, 16), 
can be successfully submitted to this procedure. Since the 
principle of bevel etching forms the basis for the expla- 
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nation of the present etching results in monocrystalline 
materials this mechanism will now be described. 

The bevel etching mechanism is illustrated schemati- 
cally in Fig. 7 (19). Three different situations are shown. 
Etching of the substrate material is assumed to be kineti- 
cally controlled and isotropic, in all cases, i.e., the dissolu- 
tion rate is the same in all directions. When the etch rate of 
the surface layer (sl) is lower than that of the substrate 
[v~(a) < v~b~tr~t~], isotropic etching of the substrate is found 
[curve (a) of Fig. 7], as predicted by theory (9). When, how- 
ever, the lateral etch rate of the surface layer exceeds that 
of the substrate [Vsl(b) > Vsubstrate], the underlying substrate 
is exposed and brought into contact with the etchant; dis- 
solution of the newly formed surface results in a beveled 
face in the profile of curve (b). The angle this face makes 
with the surface is clearly dependent  on the lateral etch 
rate of the surface layer [compare curves (b) and (c) of 
Fig. 7]. In this way, the bevel angle can be adjusted by reg- 
ulating the etch rate of the surface layer. It should, how- 
ever be emphasized that these beveled faces are not crys- 
tallographic facets. 

From the above model (15, 16, 19, 20) it is clear that thin 
surface layers covering amorphous or polycrystalline sub- 
strates have a strong influence on the shape of profiles near 
resist edges. Although bevel etching is restricted to these 
isotropic materials, it might be expected that thin surface 
films could also have important  implications for the etch- 
ing of microscopic structures in monocrystalline materi- 
als. It is clear from the above discussion that the native 
oxide layers on the surface of III-V compounds can also 
function as a thin etchable top layer and thus influence the 
profiles as we will show in the following model. 

We have demonstrated that the native oxide layer is dis- 
solved at elevated temperatures in a solution of HBr 
(Fig. 5), a chemical etchant (3). When we assume that Br2, 
also a chemical etchant (3), is able to etch the oxide layer 
even at moderate temperatures, and we further assume an- 
isotropy of the oxide layer similar to that found with HBr, 
then the apparent anomaly of Fig. 4 can be explained as 
follows. The actual situation near the monocrystalline 
semiconductor surface is schematically represented in 
Fig. 8 A-D. Cases A-D of Fig. 8 refer to the corresponding 
cases of Fig. 4. The thin native oxide, between the resist 
layer and the lightly shaded InP substrate is represented 
in Fig. 8 by the dashed area. When the lateral etch rate of 
the oxide (Vox) is negligibly low in the [110] direction (see 
Fig. 5B), it is evident that the oxide layer does not infiu- 

Fig. 6. The influence of the type of resist on the lateral etch rate in 
the mask-edge region. InP with a semi-infinite mask was etched for 10 
min in a 4.5M HBr solution at 40~ Both the photoresist (A) and the 
SiO2 resist-(B) were aligned in the [110] direction. 

Fig. 7. Schematic representation of the bevel etching mechanism. 
The angle which the beveled "face" makes with the surface is depend- 
ent on the lateral etch rate of the surface layer (vs~). The substrate is 
assumed to be etched isotropically at a kinetically controlled rate 
(Vs~trote)- Curve (a) shows the etch profile expected when v,l(a) < 
(V~ub,tro,~). When v,l(b), v,l(c} > v,,~t,ote, the profile is changed signifi- 
cantly as curves (b) and (c) show. The arrows labeled v,,~t,ote, vsl(a), 
v,i(b), and v,i(c) show the relative magnitudes of the etch rate of sub- 
strate and top layer for three different cases. 
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Fig. 8. Schematic model which shows the influence of an oxide top layer on the shape of the profiles etched in monocrystalline materials (compare 

with the model for isotropic materials shown in Fig. 7). As described in the text, the lateral etch rate of the oxide layer (%,) is considered to be 
dependent on whether an SiO2-resist (A and B) or a photoresist (C and D) is used, and on whether the resist is oriented in the [ 1  10] direction (A and 
C) or the [110] direction (B and D). This model explains the profile etching results obtained with InP and GaAs (compare with Fig. 4). The relative 
magnitudes of Vox in the four different cases are represented by the length of the arrows. (111 )A represents the (111)In facet in the case of InP. 

ence the microscopic etching kinetics (see Fig. 8A). Conse- 
quently, the low etch rate of the (111)In facet in the etching 
profile of Fig. 4A corresponds exactly to the measured 
macroscopic etch rate of this facet. This good agreement 
ha~ already been mentioned. From Fig. 5B we assume that 
when SiO2 is aligned in the [110] direction, Vox is consider- 
able (see Fig. 8B). Owing to the relatively high etch rate of 
the native oxide, the (001) surface of the underlying InP 
substrate is immediately brought into contact with the 
bromine etchant. Since the etch rate of InP with this crys- 
tallographic orientation was found to be controlled by dif- 
fusion of Br2 (4), this newly formed surface is instantly dis- 
solved at a high rate until the slowest etching plane, the 
( l l l ) I n  facet, is again encountered. In fact, the displace- 
ment  of this facet is, under  these conditions, regulated by 
the lateral etch rate of the native oxide, as is indicated in 
Fig. 8B. This explains why the microscopic etch rate of 
this facet near an SiO2 resist layer can be enhanced signif- 
icantly as the results of Fig. 2-4 show. 

A similar reasoning can, in principle, be applied to ex- 
plain the etching profiles when a photoresist  layer is used 
as a mask. The faceted profile of Fig. 4C, revealing a high 
etch rate of the (111)In facet, can be understood if the prod- 
uct of Vox and the etching t ime corresponds to the under- 
etched distance (see Fig. 8C). Using HBr as "indicator 
etchant" at 40~ it was concluded from Fig. 6 that Vox is 
dramatically increased when a photoresist layer is used as 

mask instead of an SiO2 layer (compare A and B of Fig. 6). 
Again assuming that bromine accomplishes a similar ef- 
fect at room temperature,  the lateral etch rate of the native 
oxide might  become so high that Vox is no longer kineti- 
cally controlled as in Fig. 8A-C, but that the supply of Br2 
becomes rate determining (see Fig. 8D). The ( l l l ) In  facet 
would then be expected to extend from the oxide edge 
into the substra te  (see the dashed line in Fig. 8D). How- 
ever, the flux of Br2 species in solution is not sufficient to 
allow this facet to develop, as both the dissolution rates of 
the oxide layer and the InP substrate are now controlled 
by Br2 diffusion. Consequently, a rounded profile is etched 
(see Fig. 4D and 8D). The shape of these profiles follows 
closely the described mathematical  models (8, 9). 

In the model  just  presented it was assumed that at 20~ 
only the bromine component  in solution dissolves the 
oxide layer. This was in agreement  with the observations 
that at this temperature etching did not occur in solutions 
only containing 4.5M HBr. However, etching does take 
place in a 4.5M HBr solution at 40~ as was shown in Fig. 5 
and 6. It would therefore be expected that when profile 
etching experiments  are performed in a solution of 0.1M 
Br2, 4.5M HBr at higher temperatures that both Br2 and 
HBr contributed to etching the oxide layer whereas the 
InP substrate is still only etched by the bromine species. 
This is indeed what we found experimentally at 40~ viz., 
rounded profiles similar to that shown in Fig. 4D and, in 
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addition, in the region close to the resist layer, lateral etch- 
ing of the oxide layer. These results are thus in good agree- 
ment  with the model. 

The model proposed to explain the anomalous profile 
etching results obtained with InP  is not restricted to this 
material. For example, we obtained similar profile etching 
results with GaAs:( l l l )Ga exposed facets were etched at 
20~ in Br2-H_Br solutions when the photoresist was 
aligned in the [110] direction whereas diffusion-controlled 
rounded profiles were found in the [110] direction (3). This 
can now be understood by assuming that the microscopic 
etch rate of the ( l l l )Ga  faces is significantly enhanced by 
an anisotropic native oxide of GaAs. 

Clearly, the influence of thin surface layers on the etch- 
ing properties of monocrystalline materials is more impor- 
tant  than has been realized. This opens new and interest- 
ing ways of investigating more systematically and regu- 
lating more accurately etching profiles. For instance, in- 
tentional application to the substrate of a thin surface layer 
with a different chemical composition could create new 
possibilities. Since monolayers were found to be suffi- 
ciently thick to induce large changes in the etching kinet- 
ics (20), chemical surface modification in combination 
with variations in etchant composition might be success- 
fully applied to regulate etching profiles (21, 22). 

Conclusions 
Profile etching experiments were performed on mono- 

crystalline InP in a 0.1M Br2, 4.5M HBr solution. Bromine 
is a chemical etchant for InP  (3) and is the active etching 
component  in this solution, whereas HBr used in this con- 
centration at moderate temperatures only serves to com- 
plex Br2. The results showed that the macroscopic etch 
rates measured in the previous works can often be used to 
predict accurately the profile shape. 

However, the local etch rates of the ( l l l ) I n  crystallo- 
graphic facets were found to be significantly enhanced 
near resist edges in a number  of cases, depending on the 
type and orientation of the resist. A model was proposed to 
account for the sometimes dramatic changes in profile 
shape. Thin surface layers, very likely native oxide ]ayers, 
play a decisive role in this model. Using an "indicator etch- 
ant," the lateral etch rate of this oxide was found to be 
strongly dependent  on the crystallographic orientation of 
the underlying semiconductor substrate. Besides an orien- 
tation dependence, the lateral etch rate was also depend- 
ent on the nature of the resist; this was attributed to 
changes induced in the the oxide layer during the different 
pretreatment processes. Although the exact nature of the 
oxides has not yet been clarified it was concluded that the 
microscopic etching kinetics of crystallographic facets are 
determined by the lateral etch rate of the oxide layer. This 
model shows that thin surface layers can have a consider- 
able effect on the profile shape near resist edges. A change- 
over from kinetic to diffusion-controlled profiles as ob- 
served in the experiments can be understood with this 
model. 
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