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enhancement  and formation of extended defects, were 
eliminated. 

The new additional F ion implantation technique re- 
duced the diffusion enhancement  of As and P at low tem- 
peratures and formation of extrinsic defects in n-type 
silicon. 
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ABSTRACT 

Reactive ion etching (RIE) of InAs, InSb, and GaSb in either CC12FjO~ or C2HdH2 discharges has been examined as a 
function of gas composition, flow rate, pressure, power, and etching time. The C2H6/H2 chemistry gives smooth, controlled 
etchoing of these materials for C2H6 concentrations less than 40% by volume in H~, and the etch rates are in the range 280- 
350A under  these conditions. Subsurface lattice disorder was restricted to -<50A in depth for both types of etching. The 
CC12F2/O2 chemistry led to consistently rougher surface morphologies on all three materials with In  droplets visible on 
InAs. The etch rates with CC12FJO~ are higher by factors of 2-5 than for C2He/I-I2, and the etched surfaces all show signifi- 
cant concentrations of Cl-containing residues. 

There are a number  of important applications for InAs, 
GaSb, and InSb. In particular, thin epitaxial layers of InAs 
are used to facilitate ohmic contact formation to GaAs be- 
cause of the low (-0.2 eV) barrier heights for metals on 
InAs (1, 2). Gallium antimonide is the optimum substrate 
for some long wavelength lasers and photodetectors (3-5), 
while InSb has also attracted much interest as a material 
for long wavelength (5.3 ~m) infrared detectors and emit- 
ters. All of these semiconductors have relatively narrow 
bandgaps and have been used in a variety of superlattice 
structures with novel transport properties (6). In  order to 
fabricate such structures with ultrasmall geometries, it is 

necessary to develop dry etching techniques which allow 
highly anisotropic or selective etching of the component 
layers. To date there has been very little work carried out 
on reactive ion etching (RIE) of InAs, GaSb, or InSb be- 
cause of their relative newness in terms of device utili- 
zation. 

The most common gas chemistry for dry etching of III-V 
semiconductors has been based on chlorine or chlorine- 
containing gas mixtures, primarily because of the high vol- 
atilities of Ga, As, P, and Sb chlorides (7-14). For some ap- 
plications however, Cl-based RIE presents problems be- 
cause the etch rates tend to be rather large for many III-V 
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materials ,  and therefore  are no t  controlable  for m e s a  etch- 
ing where  smal l  th icknesses  are r emoved .  In  addit ion,  the  
reac t ive  ion e tch ing  of  In-based  mater ia ls  t ends  to leave 
rough  surface  morpho log ies  because  i nd ium chlor ides  
have  lower  volat i l i t ies  than  thei r  group V counterpar ts .  
The  use  of  chloro-f luorocarbons  l ike CC12F2 (Freon 12) re- 
duces  the  p rob lems  associa ted wi th  the  cor ros iveness  and 
tox ic i ty  of  chlor ine,  a l though  recen t  env i ronmen ta l  con- 
cerns  appear  l ikely to lead to restr ic t ions on the  use  of  
chloro-f luorocarbons  because  of  the i r  dele ter ious  effect  on 
the  ear th ' s  ozone layer. S o m e  m o v e s  have  a l ready been  
m a d e  to ban  the i r  use. 

Recen t ly  a n e w  gas chemis t ry  for e tch ing  III-V semicon-  
duc tors  has  been  in t roduced.  I t  involves  the  use  of  meth-  
ane- or  e thane -hydrogen  mixtures ,  and smooth,  cont ro l led  
e tch ing  has  been  demons t r a t ed  for InP,  GaAs, InGaAs,  
and I n G a A s P  (15-20). The  e tch  p roduc t s  wi th  this gas 
chemis t ry  are AsH3 or PH3 w h e n  GaAs or InP  are the  sub- 
strates (21), whi le  the  g roup  I I I  p roduc t  has no t  been  
u n a m b i g u o u s l y  identified,  a l though  meta lorganics  such  as 
t r ime thy lga l l ium and t r ime thy l ind ium have  been  sug- 
ges ted  (22). 

In  this paper  we  repor t  an inves t iga t ion  of  the  e tch ing  
character is t ics  of  InAs, GaSb,  and I n S b  in bo th  C2H6/H2 
and CC12FJO2 discharges.  The  e tch  rates have  been  meas-  
u red  as a func t ion  of  e tch ing  t ime, total  pressure,  p lasma 
p o w e r  densi ty,  gas composi t ion ,  and gas f low rate, and  the  
resul tan t  surface  morpho logy  e x a m i n e d  by scanning  elec- 
t ron  mic roscopy  (SEM). Near-surface lat t ice d i sorder  in- 
duced  by energet ic  ion b o m b a r d m e n t  was inves t iga ted  by  
cross-sect ional  t ransmiss ion  e lec t ron  mic roscopy  (TEM) 
and He  + ion channel ing.  The  e lementa l  compos i t ion  in the  
top  100/t of  the  e tched  samples  was obta ined  f rom Auger  
e lec t ron  spec t roscopy  (AES) and x-ray pho toe lec t ron  
spec t roscopy  (XPS) measurement s .  

Experimental 
All of  the  wafers  used  in these  expe r imen t s  were  cut  

f rom nomina l ly  undoped ,  (100) boules  g rown  by the  l iquid-  
encapsu la ted  Czochralski  (LEC) t e c h n i q u e  (Sumi tomo 
Electr ic ,  N e w  York). The  subst ra tes  were  1-2 in. diam, wi th  
the  InAs be ing  n- type  wi th  a 300 K carr ier  concen t ra t ion  of  
10 TM cm -3 and mobi l i ty  of  25,000 cm 2 . V -1 �9 s -1. The  I n S b  
was intr insic  at r o o m  t empera tu r e  wi th  a ne t  carr ier  con- 
cen t ra t ion  of  1.7 x 10 TM cm -~ and an e lec t ron mobi l i ty  of  
65,000 cm 2 �9 V -~ - s -~. U n d o p e d  GaSb  is always p- type be- 
cause  of  the  p resence  of  s to ichiometry- re la ted  res idual  ac- 
ceptors  (23-25), and in our  case the  mater ia l  d isp layed a 
300 K dop ing  dens i ty  of  p = 1 �9 8 • 1017 c m  -3, wi th  a hole  
mobi l i ty  of  740 cm 2 - V -1 �9 s -1. 

Pr ior  to pa t t e rn ing  wi th  photoresis t ,  the  substra tes  were  
chemica l ly  e tched  in order  to r e m o v e  any res idual  pol- 
i sh ing damage  which  migh t  affect the  dry e tch  rates. For  
the  InAs this cons is ted  of  e tch ing  for 3 min  in 2% Br2/ 
methanol ,  a r inse in methanol ,  and a 3 min  e tch  in HF, fol- 
lowed by rinsing in distilled water  (26). The GaSb  and InSb  
samples  were  e tched for 3 min  in a 5:1:1 H2SO4:H~O2:H20 so- 
lut ion at 40~ rinsed with  distilled water, d ipped in HF, and 
r insed again with distilled water  (27). For  e tch rate 
measu remen t s ,  the  samples  were  se lect ively  pa t te rned  
wi th  AZ1350J photores is t  to give a m a s k  wi th  openings  of  
size 1-50 ~m in width.  These  m a s k  openings  were  descum-  
m e d  by  exposure  to a 50W 02 p lasma in a barrel  reactor,  
and i m m e d i a t e l y  pr ior  to loading  in the  RIE  systems,  the  
samples  were  r insed  in 1:1 NH4OH:H20 to r e m o v e  nat ive  
ox ide  f rom the  semiconductor .  

The  samples  were  react ive ly  ion e t ched  in a Model  51 
Mater ia ls  Research  Corpora t ion  reactor  wi th  a stainless 
s teel  c h a m b e r  and lower  powered  electrode.  We found it  
necessa ry  to use a quar tz  cover  plate  over  the  ca thode  in 
o rde r  to ach ieve  reproduc ib le  e tch  rates, and the  samples  
were  the rmal ly  b o n d e d  to the  cooled  e lec t rode  wi th  h igh  
v a c u u m  grease. The  sample  t empera tu re  was -40~ dur- 
ing  all runs. The  d ischarge  f r equency  was 13.56 MHz, wi th  
an  e lec t rode  spacing of  7 cm. Elec t ronic  mass  flow con- 
trol lers  were  used  to in t roduce  research-grade  C2H6, H2, 
CC12F2, and O2 into the  chambe r  after  p u m p i n g  it to a base  
p ressu re  of  ~10 -7 torr. The  InAs,  GaSb,  and  I n S b  e tch  
rates were  e x a m i n e d  for their  d e p e n d e n c e  on total  pres- 
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Fig. 1. Etched depth in GaSh, InSb, and InAs as o function of time in 
discharges of 2 C 2 H J 1 8 H 2  or 19CCI2Fz/1 02 (4 mtorr, 0 .85 
W �9 cm-2). 

sure  (3-40 mtorr),  p lasma power  dens i ty  (0.4-1.3 W �9 cm-2), 
gas compos i t ion  (5-50% for C2H6 rela t ive  to H2, and 25-95% 
for CC12F2 relat ive to 02), gas f low rate  (5-25 sccm), and e tch 
t ime  (1-12 min). 

Af ter  the  RIE t rea tments ,  the  photores i s t  on  pa t t e rned  
samples  was r e m o v e d  by r insing in ace tone  and methanol ,  
and the  e tch  dep th  measu red  by Dek tak  stylus profil- 
omet ry  on eight  spatial ly separa ted  locat ions on each  5 • 
5 m m  2 sample.  The  surface morpho logy  was e x a m i n e d  by 
S E M  by c leaving  th rough  the  features  on the  m a s k  consist-  
ing  o f  I ~m l ines  separa ted  by 3 ~m. A thin  Au film (~50A 
thick) was depos i ted  on the  sample  surface to r educe  elec- 
tr ical  charging,  and a pr imary  e lec t ron vol tage  of  20 kV 
was used.  All of  the  micrographs  were  t aken  at 80 ~ wi th  re- 
spec t  to the  horizontal .  U n p a t t e r n e d  sect ions were  also 
p repa red  for cross-sect ional  T E M  by chemica l  th inn ing  
and iod ine  ion mill ing. The  lat ter  p roved  to be  an absolu te  
necess i ty  in order  to r educe  ion  mi l l ing  d a m a g e  in the  
InAs,  GaSb,  and InSb.  A J E O L  200CX mic roscope  was 
used,  and all mic rographs  were  t aken  us ing  m u l t i b e a m  
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bright field imaging with seven beams included within the 
objective aperture. The sample was tilted so that the beam 
direction was parallel to the [110] zone axis in order to re- 
duce contrast effects at the surface and allow the best view 
of the surface morphology. 

Samples for AES were examined with a primary elec- 
tron beam voltage of 10 kV at a beam current of 0.5 ~A and 
a primary beam spot size of 5 I~m diam. Depth profiling 
was accomplished by sputtering the sample with 3.5 keV 
Ar § ion beam at a rate of ~40A. min -~, rastered over 
3 x 3 mm 2. XPS with angle-resolved capabilities was used 
to measure both the atomic composition of  the near-sur- 
face region and the chemical bonding of the In, Sb, Ga, 
and As atoms. All chemical analyses were performed after 
removal from the RIE chamber to give a picture of what 
the surface will be like in a typical device processing se- 
quence. We also performed the analyses with different 

beam currents in order to check that the beam itself was 
not changing the surface chemistry. We found no evidence 
of any alteration by the probe beam. 

Results and Discussion 
Etch rate dependencies.--It is clear, from the original 

work of Niggebrugge et aL (15), that reproducible, poly- 
mer-free etching, at least for InP, is obtained for small frac- 
tions of ethane or methane relative to hydrogen for the 
C2H6/H2 or CH~-I2 gas chemistry. Our own experience with 
Freon 12 RIE has been that a small addition of O2 to the 
discharge minimizes polymeric residues on the etched sur- 
faces (20). Based on these results we chose as our standard 
etching condition 2 C2H6/18 H2 or 19 CC12F#I O2 mixtures, 
each at a total pressure of 4 mtorr, flow rate of 20 sccm, and 
a power density of 0.85 W. cm -2. The self-biases on the 
cathode under these conditions were 430V for the C2H6/H2 
discharges and 390V for CC12F~/O2. 
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Fig. 7. SEM micrographs from GaSb reactively ion etched in 4 mtorr, 20 sccm, 1.1 W �9 cm -2 discharges of 19 CCI2F2/1 02 (at top) and 2 C2Hj18 
H2 (at bottom) for 4 min each. 

Figure  1 shows the  t ime  d e p e n d e n c e  of  e tch  dep th  in 
InAs,  GaSb,  and I n S b  for RIE  t imes  up to 12 rain. All of  the  
l ines pass th rough  the  origin, imply ing  that  there  is no 
de lay  in the  c o m m e n c e m e n t  of  e tch ing  upon  igni t ion of  
the  p lasma as is of ten observed  for RIE  of  mater ia ls  l ike 
A1GaAs which  have  th ick  nat ive  oxides.  The  e tch  depths  
are  all l inear  wi th  t ime,  and in each case the  CC12FJO2 etch- 
ing is faster  than  for comparab le  t r ea tments  wi th  C2HJH2. 
I t  appears  f rom these  resul ts  that  ga l l ium and an t imony  
chlor ides  are more  volat i le  unde r  RIE condi t ions  than  
the i r  i nd ium and arsenic counterpar ts .  The  normal  boil ing 
points  of  these  possible  e tch  products  are GaC13 (201~ 
GaC12 (535~ SbC13 (283~ SbC15 (79~ AsC13 (130~ 
InC1 (608~ InC12 (580~ and InC13 (600~ (8), a l though 
these  should  be  used  as a guide  only in cons ider ing  e tch  
rates s ince it  is their  volat i l i ty  under  ion b o m b a r d m e n t  
tha t  is the  cri t ical  parameter .  The  vapor  pressure  at 75~ of  
AsCI~ is 19 torr  and of  GaC13 is 14.5 torr, to give some  idea 
of  the i r  re la t ive  volat i l i ty  (29, 30). By  contras t  to the  resul ts  
for CC12F2/O2 RIE,  the  use  of  C2H6/I-I2 leads to the  s lowest  
e tch  rates for GaSb  which  is cons is ten t  wi th  past  repor ts  of  
decreas ing  e tch  rates for increas ing Ga con ten t  in the  ma- 
terial  (15). The  average  e tch rates of  InAs,  InSb,  and GaSb  
as a func t ion  of  e tch  t ime  are shown in Fig. 2. Within ex- 
pe r imen ta l  er ror  these  e tch  rates show no t ime  de- 
pendence .  

F igu re  3 shows the  d e p e n d e n c e  on p lasma p o w e r  den-  
si ty of  t he  e tch  rates of  InAs, InSb,  and GaSb  in C2H4t-I2 or 
CC12F2/O2. The  resul ts  for C2H6/H2 RIE  are all fairly similar, 
showing  mono ton ic  increases  in e tch  rate as the  power  
densi ty,  and hence  self-bias (VB) on the  cathode,  increased.  
The  ion cur ren t  inc ident  on the  sample  will  also increase  
unde r  these  condi t ions  as it  is p ropor t iona l  to VB 3/2. For  
this gas m ix tu r e  the  self-bias was 200V at 0.4 W �9 cm -2 and 
610V at 1.3 W.  cm -2, leading to more  efficient  sputter-  
i nduced  desorp t ion  of  the  e tch p roduc t s  at the  h igher  pow- 
ers. The  resul ts  for CC12F2/O2 RIE of  these  mater ia ls  are 
qui te  different  f rom each other. Fo r  G a S b  there  is a satura- 

t ion in e tch rate for power  densi t ies  above  -0 .8  W �9 c m  - 2 ,  

indica t ing  that  the  react ive  species f rom the  d ischarge  
m a y  be  r e m o v e d  by  ion b o m b a r d m e n t  before  they  have  a 
chance  to react  wi th  the  semiconductor .  By contrast ,  InSb  
does  no t  show this behavior ,  a l though it is poss ible  that  it 
occurs  at power  densi t ies  h igher  than  those  we  invest i-  
gated. Finally,  for InAs the  e tch  rate  is cons tan t  up  to -0 .8  
W - cm -z at which  po in t  i t  increases  rapidly  wi th  increas ing  
power  density.  This  wou ld  be  cons is ten t  wi th  a desorp-  
t ion- l imi ted  e tch  r eg ime  at the  lower  power  densit ies.  

The  e tch  rate  d e p e n d e n c e  on the  total  p ressure  in the  re- 
actor  at cons tan t  f low rate (20 sccm) and p lasma power  
dens i ty  (0.85 W.  cm -2) is shown in Fig. 4. The  GaSb,  InSb,  
and InAs e tched  in C2H6/I-I2 all show a decrease  in e tch  rate 
wi th  increas ing  pressure,  which  is p resumab ly  due  to the  
decrease  in ca thode  self-bias (430V at 4 mtorr ,  225V at 30 
mtorr). E v e n  though  the  fall-off in e tch  rate  appears  to be  
even  more  dramat ic  for CC12F2/O2 RIE wi th  increas ing 
pressure,  the  propor t iona te  decreases  are of  the  same 
order  as for C2H6/I-I2 e tch ing  factors of  approx ima te ly  3-5 
over  the  pressure  range 4-40 mtor r  for bo th  gas chem-  
istries. Therefore,  we  appear  to be  in a desorpt ion- l imi ted  
r eg ime  unde r  these  condit ions,  because  in a reactant-  
l imi ted  m o d e  the  e tch  rate should  increase as the  pressure  
and hence  n u m b e r  of  react ive  species suppl ied  to the  sur- 
face increases.  

The  effect  o f  a l ter ing the  gas compos i t ion  o f  the  two  dif- 
ferent  types  of  d ischarge  on the  e tch rates of  GaSb,  InSb,  
and InAs is shown in the  data  of  Fig. 5. For  the  C2H6/H2 
chemis t ry  the  e tch  rates for all th ree  mater ia ls  peak  
a round  25% of C2H6 by v o l u m e  in the  plasma.  This  is con- 
s is tent  wi th  results  on RIE of InP  and GaAs us ing  C2HJH2 
or C ~ 2 ,  in which  m a x i m u m  e tch  rates are observed  at 
10-20% by v o l u m e  of the  organic  c o m p o n e n t  (15, 17, 19). 
The  increase  in e tch  rate we observe  for C2H6 fractions up 
to 0.25 is p r e sumab ly  due  to an  increase  in the  concentra-  
t ion of  act ive species l ike e thyl  radials, whi le  above  25% 
C2H6 by v o l u m e  there  is mos t  l ikely a compe t i t ion  be tween  
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Fig. 8. SEM micrographs from InAs reactively ion etched in 4 mtorr, 20 sccm, 1.1 W - cm -2 discharges of 19 CCI2F2/1 02 (at top) or 2 C2H6/18 H2 
(at bottom) for 4 min each. 

e tch ing  and po lymer  deposi t ion,  wi th  a consequen t  de- 
crease  in e tch  rate. At  C2H~ concent ra t ions  above  40% we 
obse rved  a b rown  film on the  photores is t  mask  and heavy  

po lymer  depos i t ion  a round the  reactor  chamber .  By  con- 
trast, GaSb,  InSb,  and InAs react ively  ion e tched  in 
CC12F2/O2 show litt le change  in e tch rate unt i l  a concentra-  

Fig. 9. SEM micrographs of I nSb reactively ion etched in 4 mtorr, 20 sccm, 1.1 W �9 cm -2 discharge of 19 CCI2F2/1 02 (at top) or 2 C2HJ18 H2 (at 
bottom) for 4 min each. 
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Fig. 10. TEM cross sections from GaSb etched in (a) 19 CCI2F2/1 02 or (b) 2 C2H6/18 H2; InSb etched in (c) 19 CCI2F2/1 02 or (d) 2 C2HJ18 H2; 
and InAs etched in (e) 19 CCI2FJI 02 or (f) 2 C2H6/18 H2 discharges, each for 4 min under the conditions of Fig. 9. 

t i on  of  75% b y  v o l u m e  of  F r e o n  12, a t  w h i c h  p o i n t  th i s  ra te  
i nc r ea se s  sharply .  Th i s  r ap id  inc rease  is also p r e s u m a b l y  
d u e  to a n  inc rease  in  t he  c o n c e n t r a t i o n  of  ac t ive  ch lo r ine  
spec ies  ava i l ab le  for  r eac t i on  at  t he  s e m i c o n d u c t o r  sur-  
face. The  l a rges t  d i f fe ren t ia l  in  e t ch  ra te  b e t w e e n  t he  two 
gas  c h e m i s t r i e s  is o b t a i n e d  w i t h  GaSb .  

U n d e r  our  cond i t ions ,  t he  e t ch  ra tes  of  all t h r e e  mate r i -  
als are  i n d e p e n d e n t  of  t he  gas f low ra tes  for  C2H6/H2 RIE,  
as s h o w n  in  Fig. 6. The  n o m i n a l  r e s i d e n c e  t i m e s  in ou r  re- 
ac to r  v a r y  f rom 1.25-0.16s for  flow ra tes  b e t w e e n  5-40 sccm,  
b u t  t h e s e  t i m e s  a p p e a r  to be  l onge r  t h a n  t he  sur face  reac- 
t i on  t i m e  for  r e m o v a l  of  Ga, Sb,  In,  a n d  As d u r i n g  C2H~H2 
RIE.  The  re su l t s  for  CC12FJO2 e t c h i n g  are  qu i t e  d i f ferent ,  
w i t h  I n A s  s h o w i n g  no  flow ra te  d e p e n d e n c e ,  I n S b  display-  
ing  a dec rea se  in  e t ch  ra te  w i t h  i n c r e a s i n g  f low rate ,  a n d  
G a S b  ac tua l ly  go ing  t h r o u g h  a m a x i m u m  w i t h  i n c r e a s i n g  
f low rate.  Th i s  cou ld  b e  e x p l a i n e d  as follows: u p  to a flow 
ra te  of  20 s c c m  t h e r e  is a n  inc rease  in  t he  n u m b e r  of  ac t ive  
c h l o r i n e  spec ies  pe r  u n i t  t i m e  r e a c h i n g  t he  sur face  of  t h e  
s e m i c o n d u c t o r ,  l e ad ing  to a n  inc rease  in  e t ch  rate.  A b o v e  
20 s c c m  t h e s e  ac t ive  spec ies  are p u m p e d  a w a y  before  t h e y  

can  reac t  w i th  t h e  GaSb .  We d id  n o t  o b s e r v e  an y  c h a n g e  in  
d e p o s i t i o n  w i t h i n  t h e  r eac to r  w i t h  i n c r e a s i n g  gas flow, so 
t h e  a l t e rna t ive  e x p l a n a t i o n  of  h a v i n g  d e p o s i t i o n  u p  to 20 
sccm,  b e y o n d  w h i c h  t h e  p r o d u c t s  are  p u m p e d  a w a y  m o r e  
eff icient ly,  does  n o t  s e e m  likely. 

Surface morphology and damage.--For G a S b  we  ob- 
t a i n e d  s m o o t h  sur face  m o r p h o l o g i e s  a f te r  e t c h i n g  w i t h  
e i t h e r  gas c h e m i s t r y  over  a wide  r a n g e  of  d i s cha rge  condi -  
t ions .  F i g u r e  7 shows  S E M  m i c r o g r a p h s  f rom G a S b  
s a m p l e s  reac t ive ly  ion  e t c h e d  u n d e r  s imi la r  c o n d i t i o n s  
(4 mtor r ,  4 min ,  20 sccm,  1.1 W �9 c m  -2) in  e i t h e r  a 19 CC12F2/ 
1 02 (at top)  or  a 2 C2H6/18 H2 (at b o t t o m )  p lasma.  T h e  e t ch  
ra te  is f as te r  for t h e  f o r m e r  l ead ing  to a d e e p e r  mesa ,  b u t  in  
b o t h  cases  t h e  e t c h e d  sur face  is fea ture less .  T h e  anisot -  
r o p y  of  t h e  e t c h i n g  a p p e a r s  a l i t t le  b e t t e r  for  CC12FJO2 
RIE,  a n d  t h e  s idewal l  for fea tu res  e t c h e d  in  C2H6/H2 shows  
s o m e  wav iness .  We h a v e  o b s e r v e d  s imi la r  r e su l t s  for  e tch-  
ing  of  GaAs  a n d  I n P  in  C2H6/H2. At  th i s  p o i n t  i t  is n o t  c lear  
w h a t  causes  t h e  w a v i n e s s  b e c a u s e  we h a v e  s een  no  evi- 
d e n c e  for  p o l y m e r  d e p o s i t i o n  on  t h e  s idewall .  U n d e r  ou r  

Downloaded 06 May 2010 to 159.226.100.225. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



1930 J. Electrochem. Sac., Vol. 137, No. 6, June 1990 �9 The Electrochemical Society, Inc. 

9 0 0 0  

7 2 0 0  

5 4 0 0  

3600 
z 
z 

1800 

0 

3000 

z 2400 
0 (J 

1800 

t200 

600 

0 

RANDOM As 

. . . .  CONTROL 
:-~.RIE CzH6/H ~ A 

ALIGNED ~F--:  -ii c"""2~Li ~E~ . . . . . . . .  

(b) 2 MeVHei~lnAs 
GRAZING ANGLE 

...... RIE CIH6/H 2 .' 

, 
150 220 290 360 450 500 

CHANNEL NUMBER 

Fig. ] 1. Ion channeling spectra taken in (a) conventional or (b) graz- 
ing angle geometries using 2 MeV He + ions on InAs control or RIE 
(1.1 W �9 cm -z, 4 mtorr, 4 min, 20 sccm) samples. 

4 

2 

0 

- 2  

0 

o ~ 2 
X 

v 

~ 
LU 

- 2  
~J 

- 4  

GoSb C O N T R O L  

Ga 

0 
I I I 

GaSb C C I 2 F 2 / 0 2  

CI I I I 

4 

GoSb C 2 H 6 / H 2  

2 

- 2  Go 

0 
- 4  I I I I 

0 4 0 0  8 0 0  t 2 0 0  1 6 0 0  2 0 0 0  
K INET IC  E N E R G Y  ( e V )  

Fig. 12. AES survey spectra from control or RIE GaSb samples (4 min, 
4 mtorr, 0.85 W - cm -2, 2 C2H j ] 8  H2 or 19 CCI2F2/1 02 discharges). 

100 

80  

60 

4 0  

20 

GoSb CONTROL 

-- ="'+'%;% 0 

- (;o 
~ -  / . . .  

\c /~b 
"~]i """'" "~ I .......... I o 

4oo I ..... 
i- 80~- GoSb CC12F2/07_ 
z LLI 

,,, r ~  / - s ~  
~_ 4 0  / " .  

0 
aol%..Z\ .  ! " . .  ,/ --.. 

7"..,  i 
100,  

8 0 ~  GaSb C2H6/H 2 

t 

601 - . . .0  Sb �9 " % 
�9 .... - ~  

20 / ". 
%**+ 

I "" . .  I I o 
0 40 80 120 

DEPTH ( ~ )  

Fig. 13. AES depth profiles of elemental composition in the near-sur- 
face region of GaSb control or RIE samples (conditions of Fig. 12). 

conditions smooth etching of the wafer surface itself was 
obtained for all C2H6 concentrations less than 40% by vol- 
ume in the discharge. For C2H6 fractions above this value, 
there was increasing undercutt ing of the sidewalls and 
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Table I. XPS results. Elemental composition data measured from 
the surface (-100)~) of each sample and expressed in 

atomic percent units for the elements detected 

Sample  C O F CI Ga As In Sb 

InAs-control  40 34 - -  10 16 - -  
InAs-C2He/H2 32 39 - -  11 18 - -  
InAs-CC12F~/Oz 48 27 - -  7.5 - -  9 8.5 - -  
InSb-control  32 44 12 12 
InSb-C2HjH2 36 38 14 11 
InSb-CC12F2/O2 28 45 - -  4.2 7.9 14.9 
GaSb-control  40 39 13 8.2 
GaSb-C2HdI-I2 30 44 18 7.8 
GaSb-CC12F2/Oz 44 33 2.8 6.3 5.4 8.5 

RIE condit ions:  2 C2Hd18 H2, 0.85 W.  cm -2, 4 mtorr;  19 CC12F2/ 
1 02, 0.85 W �9 cm -2. 

v e r y  r o u g h  s u r f a c e  m o r p h o l o g i e s .  W e  a t t r i b u t e  a l a r g e  p a r t  
o f  t h i s  r o u g h n e s s  t o  s p u t t e r i n g  o f  p o l y m e r  f r o m  o n  t o p  o f  
t h e  p h o t o r e s i s t  m a s k  o n t o  t h e  h o r i z o n t a l  s u r f a c e .  T h i s  
l e a d s  to  a m i c r o m a s k i n g  e f f e c t  o n  t h i s  s u r f a c e ,  w i t h  t h e  
c o n s e q u e n t  r o u g h e n i n g  o f  t h e  m o r p h o l o g y .  

T h e  s u r f a c e s  o n  I n A s  r e a c t i v e l y  i o n  e t c h e d  i n  b o t h  t y p e s  
o f  d i s c h a r g e  w e r e  n o t  a s  s m o o t h  as  w i t h  G a S b .  F i g u r e  8 
s h o w s  S E M  m i c r o g r a p h s  f r o m  I n A s  s a m p l e s  e t c h e d  i n  
CC12F2/O2 ( top)  or  C2H6/H2 ( b o t t o m )  u n d e r  t h e  s a m e  c o n d i -  
t i o n s  d e s c r i b e d  ea r l i e r .  F o r  CC12F2/O2 R I E  t h e r e  a r e  I n  
d r o p l e t s  v i s i b l e  o n  t h e  e t c h e d  s u r f a c e ,  w h i c h  i m p l i e s  a se-  
v e r e  A s  d e f i c i e n c y  for  t h e s e  d i s c h a r g e  c o n d i t i o n s .  T h i s  
k i n d  o f  s u r f a c e  d e g r a d a t i o n  is  u s u a l l y  o b s e r v e d  a f t e r  e x p o -  
s u r e  o f  I n P  a n d  r e l a t e d  c o m p o u n d s  t o  h y d r o g e n - b a s e d  
p l a s m a s  (31) b u t  c a n  o f t e n  b e  s e e n  w i t h  C12-based R I E  o f  
I n P  a s  w e l l .  T h e  e t c h i n g  o f  I n A s  i n  C2H6/H2 d o e s  n o t  l e a d  t o  
I n  d r o p l e t  f o r m u l a t i o n ,  b u t  t h e  s u r f a c e  m o r p h o l o g y  i s  n o t  
p a r t i c u l a r l y  g o o d .  A t  l e a s t  p a r t  o f  t h i s  s e e m s  to  h a v e  b e e n  
c a u s e d  b y  t h e  w e t  e t c h i n g  t r e a t m e n t  p r i o r  t o  t h e  p h o t o r e -  
s i s t  b e i n g  s p u n - o n .  T h e  e v i d e n c e  fo r  t h i s  a s s e r t i o n  c o m e s  
f r o m  t h e  f a c t  t h a t  t h e  s u r f a c e  o f  t h e  a r e a s  t h a t  w e r e  
m a s k e d  d u r i n g  R I E  a r e  a l s o  q u i t e  w a v y ,  m e a n i n g  t h a t  
m o s t  o f  t h e  s u r f a c e  f e a t u r e s  o b s e r v e d  o n  t h e  m e s a  b o t t o m  
w e r e  n o t  i n  f a c t  a r e s u l t  o f  t h e  d r y  e t c h .  
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Fig. 15, High-resolution XPS Sb(3d3) and Sb+O data from GaSb 
control or RIE samples (conditions of Fig. 12). 

F i g u r e  9 s h o w s  S E M  m i c r o g r a p h s  f r o m  I n S b  s a m p l e s  re-  
a c t i v e l y  i o n  e t c h e d  in  CC12FJO2 (a t  t o p )  a n d  C2HdH2 (at  
b o t t o m ) .  T h e  d i s c h a r g e  c o n d i t i o n s  w e r e  t h e  s a m e  a s  de-  
s c r i b e d  e a r l i e r  w i t h  r e g a r d  t o  F ig .  7 a n d  8. I n  t h e  c a s e  o f  
CC12FJO2 R I E ,  s e v e r e  o v e r c u t t i n g  o f  t h e  m e s a  i s  o b v i o u s  
a n d  t h e r e  i s  a g o o d  d e a l  o f  r o u g h n e s s  a p p a r e n t  i n  t h e  f i e ld  
o f  v i e w  o f  t h e  S E M .  T h e  o v e r c u t t i n g  m a y  b e  d u e  t o  i n v o l a -  
t i l e  e t c h  p r o d u c t s  s t i c k i n g  to  ( a n d  m a s k i n g )  t h e  s i d e w a l l s .  

Table II. High-resolution ESCA data: binding energies, atom percentages, and peak assignments. (Binding energies were corrected to the binding 
energy of the --CH2CH2-- signal at 284.6 eV. Atom percentages were calculated from the high-resolution data. 

Peak assignments were based on the binding energies of the reference compounds.) 

Sample  C1 C2 Cs O1 02 Gal Ga2 As1 As2 As3 Sbl Sb~ In1 In2 Cll C12 

InSb  control  
Bind ing  energms 
Atom percents  

InSb  C2HdH2 
Binding  energies 
Atom percents  

InSb  CC12F2/O2 
Bind ing  energms 
Atom percents  

InAs control  
B ind ing  energms 
Atom percents  

InAs C2He]H 2 
Bind ing  energms 
Atom percents  

InAs CC12F2/O2 
Binding  energms 
Atom percents  

GaSb control  
Bind ing  energms 
Atom percents  

GaSb C2He/H2 
Binding  energms 
Atom percents  

GaSb CC12F2/O2 
Bind ing  energms 
Atom percents  

284.6 286.1 288.3 . . . . .  536.9 539.5 - -  444.5 
21. 6.3 5.0 . . . . .  2.3 8.7 - -  14. 

284.6 286.0 288.5 . . . . .  536.9 539.5 - -  444.5 
27. 5.3 3.9 . . . . .  2.4 8.6 - -  14. 

284.6 286.3 288.7 . . . . .  537.7 
22. 2.1 1.5 . . . . .  1.0 

284.6 286.1 288.1 530.8 532.3 - -  - -  40.5 43.7 45.0 - -  
28. 6.7 4.8 25. 8.9 - -  - -  6.3 1.8 1.9 - -  

284.6 286.1 288.2 530.8 532.2 - -  - -  40.7 43.7 45.0 - -  
25. 3.2 3.2 29 10. - -  - -  6.5 2.5 2.1 - -  

284.6 286.1 288.5 531.1 532.4 - -  - -  41.3 43.7 45.2 - -  
34. 9.3 4.7 18. 5.7 - -  - -  1.6 5.0 2.5 - -  

539.8 - -  445.0 198.4 - -  
13. - -  7.9 4.6 - -  

443.9 444.9 
9.6 6.4 

444.0 445.0 
10. 7.5 

- -  445.2 198.5 - -  

- -  8.6 7.3 - -  

284.6 286.3 288.3 - -  - -  19.2 20.2 - -  537.6 539.7 
31. 3.5 2.5 - -  - -  3.7 9.3 - -  1.8 6.7 

284.6 286.3 288.4 - -  - -  18.6 20.0 - -  536.9 539.6 
30. 4.3 2.8 - -  - -  5.8 12. - -  3.5 4.3 

284.6 286.2 288.0 - -  - -  18.8 20.5 - -  539.0 540.1 - -  - -  198.8 200.4 
31. 9.5 4.0 - -  - -  1.8 3.6 - -  0.9 6.4 - -  - -  3.9 2.4 

P e a k  ass ignments :  C1 = C--R (R = C, H) O1 = meta l  oxides  Gal = Ga, GaSb As1 = As, AsIn  
C2 = C - - ( P - R  02 = C = O, C ~ : ) - - R  Ga2 = GaO~ As2 = A S 2 0 3  
C3 = O = C--O--R In1 = In, InSb Sbl = Sb, SbIn  Ass = As205 

In2 = InOx Sb2 = SbO= Cll = C1 
C12 = C--C1 
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Fig. 16. AES survey spectra from InSb, control or RIE samples (4 min, 
0.85 W �9 cm -2, 4 mtorr, 2 C2H6/18 H2 or 19 CCI2F2/1 02 discharges). 

By contrast, C2H6/H2 RIE leads to featureless surface mor- 
phologies, but rather rough sidewalls. We did not observe 
any correlation between the roughness of the sidewalls 
and more severe undercuttinig. The origin of the sidewall 
roughness is not clear, although it may be due to replica- 
tion of edge roughness in the mask. In almost all cases we 
observed a faithful transfer of the mask dimensions into 
the sample, with no significant loss of feature size. In gen- 
eral it appears that CC12F2/O2 etching leads to somewhat 
rougher morphologies than for RIE with C2H6/H2, at least 
for the materials discussed here. 

This conclusion is supported by the cross-sectional TEM 
micrographs of Fig. 10. On the left-hand side of the figure 
we show micrographs from GaSb, InSb, and InAs reac- 
tively ion etched in CC12F2/O2 under the same conditions 
described previously for the SEM pictures, while on the 
right-hand side of the figure we show the corresponding 
micrographs from C2H6/H2-etched samples. In each case 
the latter samples have comparable or better surface mor- 
phologies. For the CC12FJO2 etching, the GaSb showed 
peak-to-valley roughness of 100-120A, the InSb had peak- 
to-valley heights of 120-150A, and finally InAs had values 
of 80-90A. By contrast, the peak-to-valley roughness of 
these materials after C2H6/I-I2 RIE were GaSb (50-60A), 
InSb (<20A), and InAs (<30A). Even under these high 
power density (1.1 W. cm -2) conditions there were no sub- 
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Fig. 17. AES depth profiles of elemental composition in the near-sur- 
face region of InSb control or RIE samples (conditions of Fig. 16). 

surface dislocations observed after RIE, as we have seen 
with GaAs. 

The fact that GaSb, InSb, and InAs are more resistent to 
the introduction of lattice disorder than GaAs is borne out 
by ion channeling data from the RIE samples. Figure 11 
shows backscattering spectra obtained using 2 MeV He + 
ions at either conventional or glancing angle geometries 
on reactively ion etched InAs. In the lower part of the fi~- 
ure the width of the In and As surface peaks is -50A, 
which is basically the resolution of the technique given 
that there will always be a few monolayers of disorder as- 
sociated with surface reconstruction and the presence of  
native oxides. After RIE the area under the surface peaks 
increases, but the width (at half-maximum) remains the 
same as that of the control sample, indicating that any 
damage introduced by the C2He/H2 treatment is limited to a 
depth of <50A. It has been our experience that C2HjI-I2 dis- 
charges operated at similar power densities to CC12F2/O2 
plasmas will create damage at greater depths than the 
Freon-12 based mixture, because of the greater penetra- 
tion depth of the light hydrogen ions relative to the ions in 
this mixture. In GaSb, InSb, and InAs we therefore expect  
that CCl~F#O2, even at relatively high plasma power densi- 
ties, will not lead to the introduction of measurable lattice 
disorder beyond 50A. 

Surface chemistry.--After RIE the samples were re- 
moved from the plasma reactor, and the composition and 
chemical bonding in the near-surface region were exam- 
ined by AES and small-area XPS in separate systems. As 
mentioned earlier, we did not see any effects of the probe 
beams due to preferential desorption or other changes due 
to local heating. Although AES and XPS are not sensitive 
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to the presence of hydrogen, we expect  that some hydro- 
gen will enter the samples during RIE in C2H6/H2, as it does 
in GaAs and InP. To this point, however, there has been no 
demonstration of the role of hydrogen in InAs, InSb, or 
GaSb, so it is not clear whether passivation of the shallow 
dopants occurs in these materials. Figure 12 shows AES 
surface scans of Ga, Sb, O, C, and Cl on GaSb samples 
etched in either CC]2FJO2 or C2HcfH2 discharges, as well as 
results from an unetched control sample. There are two 
features obvious from this data. First, for CC12F2/O2 RIE, 
there is considerable C1 contamination on the surface. Sec- 
ond, etching in the C2HjI-I2 discharge leads to an Sb defi- 
ciency on the surface. Atomic depth profiles of the compo- 
sition in the near-surface region are shown in Fig. 13. On 
the control sample the native oxide appears to be com- 
posed predominantly of a gallium oxide. After CC1~F2/O2 
RIE, more than 50% of the surface is covered in a C1 spe- 
cies on top of an oxide on the GaSb, whereas after CzH6/H~ 
RIE, the surface looks chemically very similar to that of 
the control sample. Any Sb deficiency appears to be less 
than 40A in depth in the material etched in the C2H6/H 2 dis- 
charge. 

Figure 14 shows XPS survey spectra from GaSb samples 
etched in the two different gas chemistries, as well as from 
an unetched control sample. High-resolution data from 
these spectra were curve-fitted to resolve the presence of 
multiple components,  and based on this type of data the 
average elemental composition in the top 100A of each 
sample was estimated and is reported in Table I. The sur- 
face C concentration varied between 30 and 44 atom per- 
cent (a/o), which is within the range expected from atmos- 
pheric contamination. Because of the presence of C], and a 
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Fig. 19. AES depth profiles of elemental composition in the near-sur- 
face region of InAs control or RIE samples (conditions of Fig. 18). 

small amount ofF,  contamination on the surface of the ma- 
terial etched in CCl~F#O2, it appears to be Ga-poor, but this 
is an artifact as seen from the AES depth profiles in Fig. 13. 
The C2H6/H2 gas chemistry appears to be inherently 
cleaner compared to CC12F#O2. 

Examples of high-resolution XPS data for Sb(3d3) and 
O+ Sb transitions from control and RIE GaSb samples are 
shown in Fig. 15. Differences in the relative amounts of the 
various oxides are obvious, particularly for the C2He/H2 
etched material. The oxygen is present both as metal ox- 
ides and C = O  and C--O--C or C--O--H species. The tabu- 
lation of the high-resolution XPS data giving the binding 
energies of  the different transitions observed, their proba- 
ble assignments, and atom percent compositions, is listed 
in Table II. The Ga and Sb are present as both elemental 
species in the GaSb, and as oxides, and similar results are 
obtained for the components in the InAs and InSb. It is no- 
ticeable that C1 contamination is present on all samples 
after CC12FJO2 RIE, whereas the samples etched in 
C2H6/I-I2 appear to be relatively free of surface residues. 

AES survey spectra from both etched and unetched 
InSb samples are shown in Fig. 16. Once again the most 
obvious point arising from this data is that CC12FJO2 RIE 
leads to the presence of C1 contamination on the surface. 
This residue is -40A thick, as seen in the AES depth pro- 
files of Fig. 17. In this case the C1 residues appear to be pre- 
sent at an even higher concentration than was the case 
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with GaSb. The sample etched in C2H6/H2 has a surface 
chemistry very similar to that of the control piece. 

Similar data was obtained from InAs samples. Figure 18 
shows the AES survey spectra from control and RIE 
samples for both kinds of gas chemistry. Once again 
C2H6/H2 RIE leaves a surface of similar composition to that 
of the control sample, while CC12F2/O2 RIE leaves a Cl-con- 
taining residue. The depth profiles of the elemental com- 
position are shown in Fig. 19, where the C1 is shown to per- 
sist to a depth of 40A after CC12FJO2 etching, and there is a 
deficiency of As to a depth of -60A after both C2H6/H2 and 
CC12FjO~ RIE. 

Conclusions and Summary 
The C2HdH2 mixture appears to give smooth, controlled 

etching of GaSb, InSb, and InAs under conditions in 
which the C2H6 fraction by volume is -<0.4 of the total 
amount  of gas in the mixture. The etch rates for these ma- 
terials are in the range 280-350A under  our standard condi- 
tions (2 C~HJ18 H2, 4 mtorr, 0.85 W - cm -2) which is useful 
for mesa etching applications where only small etch 
depths are required. The surfaces after C2H6/H2 RIE are 
residue-free, although for InAs etched at very high power 
densities, In  droplets could be observed due to preferen- 
tial removal of As. Subsurface lattice disorder is restricted 
to depths -<50A in InAs. 

By contrast the CC12F2/O2 mixture leads to higher etch 
rates (400 A �9 min -1 for InAs to -1800/k-  min -1 for GaSb) 
under  our standard conditions (19:1 CC12F2:O2, 0.85 
W �9 cm -2, 4 mtorr) than for C~H~rI-I2. These etch rates also 
rise much more rapidly with increasing plasma power den- 
sity, and on InAs there is preferential removal of As to 
leave In droplets. The surface morphologies are invariably 
rougher for GaSb, InSb, and InAs using CC12F2/O2 RIE 
than for C2HjH2 RIE, and there is a significant amount  of 
Cl-containing residue on all three materials when using 
the Freon-12 oxygen chemistry. 

Manuscript submitted Oct. 5, 1989; revised manuscript  
received Jan. 1, 1990. 
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