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ABSTRACT 

I0 

A l u m i n u m  ni t r ide  films have been deposi ted on sil icon subst ra tes  at  800 ~ 
1200~ by  the pyrolys is  of an a luminum t r i ch lo r ide -ammonia  complex, 
AIC13.3NH~, in a gas flow system. The deposi t  was t ransparent ,  t igh t ly  ad-  
heren t  to the substrate,  and  was confirmed to be a luminum ni t r ide  by  x - r a y  
and e lec t ron diffraction techniques.  The deposi ted a luminum ni t r ide  films were  
found to be po lycrys ta l l ine  wi th  the  crys ta l l i te  size increasing wi th  increas ing 
t empe ra tu r e  of deposition. Other  proper t ies  of a luminum ni t r ide  films re l evan t  
to device applicat ions,  including density,  re f rac t ive  index, dissolution rate,  d i -  
e lectr ic  constant,  and masking  abil i ty,  hav, e been determined.  These p rop -  
er t ies  indicate  tha t  a luminum ni t r ide  films have potent ia l  as a dielectr ic  in 
e lectronic  devices. 

A l u m i n u m  ni t r ide  is a ref rac tory ,  l a rge  energy  gap 
ma te r i a l  [ subl imat ion t e m p e r a t u r e  2400 ~ (1), energy  
gap 5.9-6.2 eV (2, 3)]  and has chemical,  physical ,  and 
e lect r ica l  p roper t ies  su i tab le  for  severa l  appl icat ions  
in e lectronic  devices. For  example ,  its la rge  energy  
gap, good the rmal  s tab i l i ty  [equi l ib r ium vapor  p res -  
sure  of n i t rogen at  1500~ 0.0.5 Torr  (4)] ,  and chem-  
ical iner tness  [stable in a i r  at  t empera tu res  up to 
700~ ('5)] suggest  tha t  a luminum ni t r ide  is a good 
d ie lec t r ic  for  active and passive components  in semi-  
conductor  devices. A l u m i n u m  nitr ide,  being a piezo-  
electr ic  m a t e r i a l  wi th  a high acoustic velocity,  is also 
wel l  sui ted for the  fabr ica t ion  of surface wave  acoustic 
devices. 

A l u m i n u m  ni t r ide  has been p repa red  by  severa l  
techniques,  such as the  direct  combinat ion  of the e le-  
ments  and chemical  react ions  of gaseous a luminum and 
n i t rogen-con ta in ing  compounds on subs t ra te  surfaces. 
The di rec t  combinat ion  technique requires  t empera -  
tures  in excess of 1500~ (2, 5, 6) and is not  sui table  
for  device appl icat ions.  'On the other  hand, a luminum 
n i t r ide  films have been  deposi ted on the surfaces of 
r e f rac to ry  metals,  insulators,  and semiconductors  at  
cons iderab ly  lower  t empera tu re s  by  the reac t ion  of 
a luminum t r ich lor ide  wi th  ammonia  (1, 3, 7-12) and 
the reac t ion  of t r i m e t h y l a l u m i n u m  wi th  ammonia  (13). 
A l u m i n u m  ni t r ide  films up  to 5 #m in thickness have 
also been deposi ted  on meta l l ic  subs t ra tes  b y  diode 
react ive  sput ter ing,  and the die lect r ic  proper t ies  of 
spu t t e red  a l u m i n u m  n i t r ide  films were  found to be 
super ior  to those of bu lk  po lycrys ta l l ine  ma te r i a l  (14). 
The  chemical  deposi t ion technique  appears  to be 
more  compat ib le  wi th  the  cur ren t  device technology;  
however ,  the  ut i l iza t ion of a luminum n i t r ide  in semi-  
conductor  devices has not  been  explored.  

In  this  work, a luminum ni t r ide  films have  been de-  
posi ted  on single crys ta l  si l icon subs t ra tes  b y  the 
pyrolys is  of an a luminum t r i ch lo r ide -ammonia  com- 
p lex  in  a gas flow system. The proper t ies  of the  de -  
posi ted films, such as s t ructure,  composit ion,  densi ty,  
re f rac t ive  index,  dissolut ion rate,  dielectr ic  constant,  
mask ing  abil i ty,  etc., have been de termined.  The ex-  
pe r imen ta l  methods  and resul ts  a re  discussed in this 
paper .  

Preparation of A luminum Ni t r ide Films 
The ammonolys is  of a luminum t r ich lor ide  is com- 

mon ly  used for the  deposi t ion of a luminum ni t r ide  
films. Because of the  hygroscopic  na tu re  of a luminum 
tr ichlor ide,  an a l u m i n u m  t r i ch lo r ide -ammonia  com- 
p lex  was used as the  s ta r t ing  mater ia l .  The complex 
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was p repa red  by  sa tu ra t ing  reagen t  g rade  anhydrous  
a luminum t r ich lor ide  in a fused sil ica reac t ion  tube 
wi th  anhydrous  ammonia  at room tempera tu re .  The 
resul t ing mass  was hea ted  at 350~ in an ammonia  
flow, and the complex subl imed y ie ld ing  a whi te  c rys-  
ta l l ine  powder.  The composi t ion of the complex, de-  
t e rmined  by  dissolving a weighed amount  of the  speci-  
men in a known volume of 0.1N hydrochlor ic  acid and 
t i t r a t ing  the  excess acid wi th  0.1N sodium hydroxide ,  
was A1C13.3NH3. This complex is cons iderably  more  
s table  in the l a bo ra to ry  ambien t  than  a luminum t r i -  
chloride. Its vapor  pressure  was de te rmined  f rom the 
extent  of vapor iza t ion  in a sealed sil ica tube af ter  
hea t ing  at a p rede te rmined  t e m p e r a t u r e  for 24 hr. The 
vapor  pressure  da ta  in the t empe ra tu r e  range  500 ~ 
800~ are  shown in Fig. 1; the  complex  has sufficient 
vapor  pressure  at  t empera tu re s  be low 300~ for 
u t i l iza t ion in the  deposi t ion of a luminum nitr ide.  The 
heat  of vapor iza t ion  of the complex  calcula ted f rom 
the slope of this plot  was 11.8 • 0.2 kca l /mole .  

AH = 11.8 • 0.2 kcal/mole 
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The deposition of a luminum nitr ide by the pyroly-  
sis of the a luminum t r ichlor ide-ammonia  complex in a 
gas flow system was carried out using an apparatus 
shown schematically in Fig. 2. The di luent  gases used 
in the deposition process were commercial hydrogen 
purified by diffusion through a pa l ladium-s i lver  alloy 
and Matheson anhydrous  ammonia  of bet ter  than 
99.99% purity. The reaction tube was made of clear 
fused silica, 55 mm ID and 3 ft long. A fused silica boat 
containing the a luminum t r ichlor ide-ammonia  com- 
plex was main ta ined  at 250~ by using an external  
resistance heater, and hydrogen or a 6:1 hydrogen-  
ammonia mixture  at a flow rate of 30 l i t e r s /min  was 
used to carry the complex to the substrate surface. 
The silicon substrates with main  faces of {111} or ien-  
tat ion were n-type,  5-20 ohm-cm resistivity, and were 
mechanical ly polished and chemically etched in the 
usual manner.  They were supported on a silicon car- 
bide-coated graphite susceptor, and the susceptor was 
heated external ly  by an rf generator. Prior to the depo- 
sition of a luminum nitride, the substrates were heated 
at 1150~ in hydrogen for u hr to remove the oxide 
on the surface. In  some experiments,  the substrate sur-  
faces were etched in situ at 1170~ with a hydrogen-  
hydrogen chloride mixture  containing 2% hydrogen 
chloride. The deposition Of a luminum ni t r ide was car- 
ried out at substrate temperatures  in the range of 800 ~ 
1200~ and the deposition t ime was usual ly  15-45 
min. The thickness of a luminum nitr ide films on sili- 
con substrates was determined by removing part  of 
the film and measuring the height of the step generated 
with a Sloan Dektak and Graphic Chart Recorder. 

Under the conditions described above, the deposited 
films are t ransparent  and t ight ly adherent  to the sub-  
strate. The average deposition rates in the tempera ture  
range 800~176 are shown in Fig. 3. The deposi- 
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Fig. 2. Schematic of the apparatus used for the deposition of 
aluminum nitride films. 
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Fig. 3. Average deposition rate of aluminum nitride films as a 
function of temperature. 
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tion rate decreased with increasing temperature  from 
160 A / mi n  at 800~ to 120 A / m i n  at 900~ and 90 
A/ra in  at 10O0~ This decrease of deposition rate is 
due presumably to the increased contr ibut ion of gas 
phase nucleat ion at high temperatures.  The gas phase 
nucleat ion becomes more pronounced at higher con- 
centrations of the a luminum t r ichlor ide-ammonia  com- 
plex in the reactant  mixture.  For example, films de- 
posited at a rate of 750 A / m i n  at 9O0~ had a cloudy 
appearance as a result  of the enhanced gas phase nu-  
cleation. 

The films deposited in the temperature  range 800 ~ 
110'0~ were analyzed by the x - r ay  diffraction tech- 
nique. Silicon substrates were removed from the 
specimens by etching with a nitr ic acid-hydrofluoric 
acid mixture,  and the resul t ing mater ial  was pul-  
verized and examined by the Debye-Scherrer  tech- 
nique using nickel-fi l tered CuK~ radiation. The dif- 
fraction pat terns were identical  with those reported 
for a luminum ni t r ide (15), thus confirming that the 
deposited films were a luminum nitride. 

Properties of A luminum Ni t r ide  Films 
Structure.--Aluminum nitr ide films deposited on 

silicon substrates under  proper conditions were un i -  
form, t ransparent ,  and highly adherent  to the sub-  
strate. They showed no s t ructural  features when ex-  
amined with an optical microscope. Several films were 
investigated by t ransmission electron microscopy us- 
ing a Hitachi Model l l B U  electron microscope after 
removing the substrates with a nitr ic acid-hydro-  
fluoric acid mixture.  Figure 4 shows the micrographs 
of a luminum nitr ide films deposited in  the temperature  
range 80,0~176 All  films were polycrystalline, 
and the average l inear  dimensions of the crystall i tes 
increased with increasing deposition temperature.  
Typical dimensions of crystallites were 100, 200, 600, 
llO0, and 2200A in films deposited at 800 ~ 900 ,~ 1000 ~ 
11.09 ~ and 1200~ respectively. This increase in crys- 
tallite size with temperature  is to be expected. The 
diffraction pat terns of a luminum nitr ide films de- 
posited at various temperatures  are shown in Fig. 5. 
The d-spacings measured from these pat terns fur ther  
confirm that  all  films are a luminum nitride. Figure 5 

Fig. 4. Transmission electron micrographs of aluminum nitride 
films deposited at (A) 800~ (B) 900~ (C) 1000~ and (D) 
1100~ 
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Fig. 5. Electron diffraction patterns ef aluminum nitride films 
deposited at (A) 800~ (B) 900~ (C) 1100~ and (D) 1200~ 

indicates  tha t  a luminum ni t r ide  films deposi ted at  
t empera tu re s  above 1000~ are  po lycrys ta l l ine  and 
tha t  p re fe r red  or ienta t ions  are  increas ingly  apparen t  
wi th  decreas ing t empe ra tu r e  of deposit ion.  The single 
c rys ta l l in i ty  of the  subs t ra tes  appears  to have l i t t le  or 
no effect on the  s t ruc tu ra l  p roper t ies  of a luminum ni -  
t r ide  since a luminum ni t r ide  films deposi ted on the 
surface of silicon d ioxide  were  essent ia l ly  the  same as 
those on sil icon substrates .  

Density, refractive index, and optical absorption.- 
The dens i ty  of a luminum ni t r ide  films deposi ted  at 
var ious  t empera tu re s  was de te rmined  by  the floating 
equ i l ib r ium technique  using a mix tu re  of 1-bromo 
2-iodo benzene and me thy lene  iodide. The t e m p e r a -  
ture  of deposi t ion was  found to affect only  s l ight ly  the 

dens i ty  of a luminum nitr ide.  A l u m i n u m  ni t r ide  films 
deposi ted at 800 ~ 900 ~ 1000% and l l00~ have  den-  
sities of 3.15, 3.18, 3.18, and 3.20 +_ 0.01 g / e m  s, respec-  
t ively,  as compared  wi th  a repor ted  value  of 3.13 g / cm s 
(12) and the theore t ica l  dens i ty  of 3.26 g/cm% 

The ref rac t ive  index of a luminum ni t r ide  films de-  
posi ted in the t empe ra tu r e  range  800~176 was 
de te rmined  b y  the Becke l ine method to be 1.991 _+ 
0.003, i r respect ive  of the  deposi t ion tempera ture .  A few 
samples  were  also measured  b y  the e l l ipsometr ic  
technique; the results,  though not as reproducible ,  were  
usual ly  in good agreement  wi th  those by  the Becke 
l ine method.  However ,  re f rac t ive  indices as high as 
2.17 • 0.05 have been  repor ted  for single crys ta l l ine  
a luminum ni t r ide  p repa red  by  the direct  react ion of 
a luminum wi th  n i t rogen (16). 

The optical  absorpt ion spect ra  of a luminum ni t r ide  
films deposi ted under  var ious  conditions were  t aken  
on a Beckman Model DK-2 spec t rophotometer  at room 
tempera ture .  Typical  resul ts  are  shown in Fig. 6, 
where  the  thickness of the  a luminum n i t r ide  film was 
18 ~m for curve A and 13 ~m for curve B. The funda-  
menta l  absorpt ion edge for all  specimens measured  
was found to be 5.9 _ 0.2 eV, in agreement  wi th  that  
observed by  others  (2). However ,  the  films deposi ted 
at  ve ry  high rates,  700 A / m i n  or h igher  i r respect ive  of 
deposi t ion tempera ture ,  exh ib i ted  an addi t iona l  ab-  
sorpt ion band in the 3.0 to 3.2 #m region (curve  A) 
whi le  those deposi ted at low rates, 300 A / m i n  or lower,  
showed no absorpt ion in this  region (curve B).  The 
absorpt ion  in the  3.0-3.2 ~m region is p r e sumab ly  due 
to the  N - H  or A1-C1 bonds in a luminum ni t r ide  films 
deposi ted at h igh rates.  As s ta ted  previously,  the  gas 
phase nucleat ion becomes pronounced at h igh deposi -  
t ion rates. The decomposi t ion of the  a luminum t r i -  
ch lo r ide -ammonia  complex  in the  gas phase m a y  not 
proceed to completion, and the deposi ted mate r i a l  
contained N-H or A1-C1 bonds. Thus, the use of low 
deposi t ion rates is essential  for obta in ing good qual i ty  
a luminum ni t r ide  films. 

Dissolution behavior.--The deposi ted a luminum ni -  
t r ide  films are  soluble in phosphor ic  acid and sodium 
hydrox ide  solutions. To de te rmine  the dissolute ra te  of 
a luminum ni t r ide  films, a por t ion  of the specimen was 
covered wi th  Apiezon Q wax  or photoresist ,  and the 
specimen was immersed  in the  e tchant  wi th  constant  
agi ta t ion  for var ious  lengths  of time. The dissolution 
ra te  was then  de te rmined  by  removing  the pro tec t ive  
coat ing and measur ing  the difference in  the  s tep 
heights  using the Dek tak  system. 

The dissolut ion ra te  of a luminum ni t r ide  films, de -  
posi ted in the  t e m p e r a t u r e  range  800~176 in a 
10% sodium hydrox ide  solut ion was de te rmined  in the  
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Fig. 7. Dissolution rate of aluminum nitride films, deposited in 
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temperature  range 30~176 The results are shown 
in  Fig. 7. At a given temperature,  the dissolution rate 
of a luminum ni t r ide films decreased with increasing 
deposition temperature,  due presumably  to the larger 
crystallites of a luminum nitr ide deposited at higher 
temperatures.  Also, the dissolution rate of a luminum 
nitr ide films deposited at low temperatures  was found 
to remain  the same after anneal ing at higher tempera-  
tures, indicat ing negligible grain  growth. The activa- 
t ion energy of dissolution for a l u m i n u m  ni t r ide films 
deposited at 800~ was found to be 12.6 • 0.5 kcal /  
mole. The activation energy also increased with in -  
creasing deposition temperature.  The relat ively large 
activation energy indicates that  the dissolution of 
a luminum nitr ide films is a surface-react ion controlled 
process. 

The dissolution ~ate of a luminum ni t r ide films de- 
posited at 900~ was also determined using an 85% 
phosphoric acid solution. At temperatures  up to 50~ 
the dissolution rate of a luminum ni t r ide was negligible. 
Figure 8 shows the dissolution rate in the tempera-  
ture  range 75~176 and the activation energy of 
this dissolution was found to be 13.5 • 0.5 kcal/mole,  
similar to the use of sodium hydroxide solution as an 
etchant. 

Both sodium hydroxide and phosphoric acid solutions 
used in this work were found to produce clean and 
structureless surfaces, s imilar  in appearance to the as- 
grown a luminum nitr ide films, when examined with 
an optical microscope. 

Masking ability.--To explore the usefulness of a lumi-  
num nitr ide in silicon devices, its capabilities and 
l imitat ions as masks against the diffusion of boron, 
phosphorus, a luminum,  and ga l l ium into silicon were 
investigated. A l u m i n u m  nitr ide films of 1000-1700A 
thickness, deposited on silicon substrates at 900~ were 
used in the diffusion experiments.  The substrates were 
n-type,  5-10 ohm-cm resistivity for the diffusion of 
boron, a luminum,  and gallium, and were p-type, 10-20 

ohm-cm for the diffusion of phosphorus. The a lumi-  
n u m  nitr ide film was removed completely from circu- 
lar areas (usually 500 #m diameter)  of the specimen 
by photolithographic techniques using sodium hy-  
droxide or phosphoric acid as an etchant. Sharp, well-  
defined edges were obtained with v i r tua l ly  no under -  
cutting. 

The boron diffusion was carried out by depositing 
boron oxide glass on the specimen surface at 970~ 
for 40 min  from a boron ni tr ide source followed by  re- 
distr ibution at 1300~ for 1 hr. In  the phosphorus dif- 
fusion process, phosphorus oxide glass was deposited 
on the specimen surface at 1000~ for 30 min  using 
phosphorus oxytrichloride as the source, and the re- 
distribution was carried out at I150~ for 1.5 hr. After 
the diffusion process, an unmasked region of the speci- 
men was angle-lapped, and the aluminum nitride mask 
was removed by etching. The resistivity profile on the 
masked and unmasked regions of the main face and on 
the beveled surface was measured by the spreading 
resistance technique (17). The results for the boron 
diffusion into n-type silicon and the phosphorus diffu- 
sion into p-type silicon are shown in Fig. 9. The silicon 
under the aluminum nitride film was found to have 
the same conductivity type with essentially no change 
in resistivity, while p-n junctions were formed in un- 
masked regions. Thus, aluminum nitride films are suc- 
cessful for masking the diffusion of boron and phos- 
phorus under the conditions used here. 

Subsequent to the boron and phosphorus diffusion 
process, the dissolution rate of the aluminum nitride 
masks in a 10% sodium hydroxide solution was mea- 
sured. Aluminum nitride films with boron oxide or 
phosphorous oxide coatings showed no measurable 
change in dissolution rate or appearance after heating 
at I150~ for 1.5 hr, indicating the inertness of alumi- 
num nitride toward the dopant oxide. However, when 
the hea t - t rea tment  was carried out at 1250~176 
after the deposition of boron oxide, the dissolution 
rate of the ni t r ide films decreased appreciably, indi-  
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cat ing a react ion be tween  a luminum ni t r ide  and boron 
oxide. 

The a luminum and ga l l ium diffusions were  carr ied  
out  at  1150~ for 1.5 h r  in sealed fused si l ica tubes 
using the e lement  as the  source mater ia l .  A l u m i n u m  
ni t r ide  films fai led to mask  the  diffusion of dopant  in 
both cases. This is due p re sumab ly  to the  pene t ra t ion  
of a luminum and ga l l ium vapor  th rough  the  gra in  
boundar ies  in finely po lycrys ta l l ine  a luminum ni t r ide  
films at  h igh tempera tures .  

Dielectric properties.--The dielectr ic  proper t ies  of 
a luminum ni t r ide  films were  measured  at room t em-  
pe ra tu re  using a l u m i n u m - a l u m i n u m  ni t r ide-s i l icon  
structures.  A l u m i n u m  contacts  of 2.5 • 10 -2 cm d iam-  
e ter  were  deposi ted  on a luminum nitr ide,  and ohmic 
contacts  were  appl ied  to the  back  surface of silicon 
subs t ra tes  by  etectroless  p la t ing  (18). 

The die lect r ic  s t reng th  of a luminum n i t r ide  films 
deposi ted  in t e m p e r a t u r e  range  800~176 on low 
res i s t iv i ty  sil icon subst ra tes  was measured  at room 
t e m p e r a t u r e  using d.c. and 400 kHz. The average  d i -  
e lectr ic  s t reng th  of a luminum ni t r ide  was found to be 
1.5 • 107 V / c m  for films of 30O-4O0A thickness,  inde-  
penden t  of deposi t ion t empera tu re ;  it  decreased to the  
apparen t  bu lk  va lue  of app rox ima te ly  10 T V / c m  for 
f i lm thicknesses  g rea te r  than  about  1000A. A l u m i n u m  
ni t r ide  films deposi ted  at  l l00~ or above were  found 
to have lower  die lect r ic  s t reng th  than  those deposi ted 
at 800~176 due p re sumab ly  to the  inclusions in 
the  films of the products  of vo lume reac t ion  where  the 
decomposi t ion of the  a luminum t r i ch lo r ide -ammonia  
complex was not  complete.  The d -c  dielectr ic  s t rength  
of a luminum ni t r ide  films of 2000A thickness  p repa red  
at  800~176 was also measured  at  h igher  t e m -  
pe ra tu res  and was found to be  a p p r o x i m a t e l y  107 V / c m  
at 30~ 5 • 106 V / c m  at 100"C, 2.5 X 10e V / c m  at 
200~ 1.5 • 106 V /cm at 250~ and l0 s V / c m  at 
300~ 

Capaci tance  measurements  were  made  on a luminum-  
a luminum ni t r ide-s i l i con  s t ructures  using a Boonton 

75C Direct  Capaci tance Br idge  opera ted  at f requencies  
up to 0.5 MHz. The insula tor  capaci tance was used to 
obta in  the  die lect r ic  constant  value.  The die lect r ic  con- 
s tant  of a luminum ni t r ide  films p repa red  at  800% 
900 ~ and 1000~ was found to be 11.5 • 0.2, and that  
p repa red  at l l00~ was cons iderab ly  lower,  usua l ly  
8.1 +--0.3, as compared  wi th  9.14 repor ted  for the  low-  
f requency  dielectr ic  constant  of single crys ta l l ine  
a luminum ni t r ide  (19). Also, the  die lect r ic  constant  of 
an a luminum ni t r ide  film p repa red  at  800~ was 
found to remain  unchanged af te r  hea t ing  at  l l00~ in 
hydrogen  for 1 hr, again  indica t ing  the s t ruc tu ra l  s ta -  
b i l i ty  of a luminum ni t r ide.  The die lect r ic  constant  of 
all  a luminum ni t r ide  films p repa red  in the  t e m p e r a -  
ture range 800~176 was found to be independent  
of f requency and t empe ra tu r e  in the  ranges 5-500 kHz 
and 100~176 respect ively .  

I t  should be ment ioned tha t  the  p roper t i e s  of a lumi -  
num ni t r ide  films discussed above are  independen t  of 
the  na tu re  of the  car r ie r  gas, hydrogen  or 6:1 hyd ro -  
gen-ammonia  mixture ,  used in the  deposi t ion process. 

Summary and Conclusions 
A l u m i n u m  ni t r ide  films have  been  deposi ted on s i l i -  

con subs t ra tes  at  800~176 in a gas flow sys tem by  
the the rmal  decomposi t ion of an a luminum t r ich lor ide-  
ammonia  complex,  A1Cla-3NHs. This complex  was p re -  
pared  by  s a tu ra t i ng  a luminum t r i ch lo r ide  wi th  am-  
monia  and purif ied by  subl imat ion.  The deposi t  was 
t ransparent ,  t igh t ly  adheren t  to the  subs t ra te  and was 
verified by  x - r a y  and e lect ron diffract ion techniques 
to be a luminum nitr ide.  Transmiss ion  e lec t ron micros-  
copy indicated that  al l  a luminum ni t r ide  films were  
polycrys ta l l ine ;  the crys ta l l i te  size increased wi th  in-  
creasing t e m p e r a t u r e  of deposit ion,  and the p re fe r red  
or ienta t ions  became more  apparen t  at lower  deposi t ion 
tempera tures .  

At  deposi t ion t empera tu re s  in the  range  of 800 ~ 
10O0~ the average  density,  re f rac t ive  index,  d ie lec-  
tr ic s trength,  and die lect r ic  constant  of a luminum ni-  
t r ide  were  found to be 3.18 g /cm s, 1.99, 107 V/cm, and 
11.5, respect ively.  A l u m i n u m  ni t r ide  films are  soluble 
in sodium hydrox ide  and phosphor ic  acid solutions, 
and the s tandard  photo l i thographic  technique can be 
read i ly  applied.  A l u m i n u m  ni t r ide  films were  found to 
be capable  of masking  against  the  diffusion of boron 
and phosphorus  into silicon f rom the  oxide sources. 
These proper t ies  indicate  tha t  a luminum ni t r ide  films 
have great  potent ia l  as a dielectr ic  in sol id-s ta te  de-  
vices. 
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Techn ca l No es 

Vapor Deposition of Sulfur-Doped GaAs Layers 
K. H. Bachem *'l and H. Bruch 

Institut for Semiconductor EIectronics/Sonderlorschungsbereich 56 "Festk6rperelektronik," 
Technicat University Aachen, Germany 

Sulfur  is a commonly used dopant  in the vapor 
growth of n - type  GaAs epitaxiaI layers (1-7). The 
most s t raightforward approach is to use H2S as a vapor 
dopant. This gas can be purchased diluted with hydro-  
gen and bled into the deposition system using a var i -  
able leak. However, it appears to be difficult to obtain 
well-defined and reproducible dopant concentrations 
due to irreversible changes of the leak rates. Experi-  
ments  have shown that  the variable leaks (Varian, 
Leybold) commonly used in vacuum systems are cali- 
bratable only to wi thin  an order of magnitude.  Another  
alternative,  the stepwise di lut ion of the doping gas by 
using fine meter ing valves and ball  flowmeters re-  
quires an extensive apparatus and t ime-consuming 
calibration also. These problems are most l ikely re-  
sponsible for the large discrepancies in  the l i terature  
data regarding the relationship be tween the H2S con- 
centrat ion in the gas phase and the donor concentra-  
t ion in the epitaxial film (5, 6). 

Other workers have used solid sulfur  as a p r imary  
source (2, 7). The element can be vaporized into the 
reactor either directly or via an HzS generator.  A 
drawback of this method results from the difficulties 
in  evaporat ing sulfur  powder or grains with a well-  
defined vapor pressure. Both the evaporat ing surface 
area and the crystal l ine form and hence the vapor 
pressure of the sulfur  may change dur ing  hea t - t rea t -  
ment.  

In  the present  invest igat ion we have at tempted to 
find improved  Sulfur doping methods and to clarify 
the discrepancies referred to above. This was accom- 
plished by using a capil lary for the controlled inject ion 
of HzS or by adding a l iquid sulfur  compound to the 
AsCI~ bubbler  in  the deposition system. 

The H~S doping experiments  were carried out in  a 
s tandard apparatus (8) for the Ga/AsC1JH2 process 
(9). Well-defined concentrations of H2S were added 
to the gas s t ream by controlling, via a reducing valve, 
the input  pressure to a capil lary tube of ~150 ~m 
diameter  and 6 cm length used for inject ing the doping 
gas into the hydrogen carrier. The system was cali- 
brated by determining the t ime required to pass a de- 
fined amount  of gas through the capil lary at a given 
input  pressure. The doping gas was a mixture  of HzS 
(985 ppm) in H2, bott led in  a steel cylinder. 

* E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t l y  on l eave  of  absence  a t  the  IBM Resea rch  Center ,  York -  

t o w n  Heigh t s ,  N e w  York  10598. 
Key  w o r d s :  GaAs ,  ep i t axy ,  s u l f u r  dop ing ,  gas phase deposition. 

For the second approach $2C12 was selected as a 
l iquid sulfur  dopant  source. This compound appears 
to fulfill the main  requirements  for use in  this appli-  
cation: (i) It can be obtained in  a relat ively pure 
form. (ii) It will decompose at the deposition tern- 
perature. (iii) In  the working tempera ture  range of 
the AsCl~ source (15~176 its vapor pressure is 
such that expitaxial  layers in the 1018-1017 cm-a  dop- 
ing range can be obtained. 

The data in Fig. 1 show that  the part ial  pressures 
of AsC13 (10) and $2C1~ (11) are equal within ap- 
proximately  10% around room temperature.  Making 
the l ikely assumption that  the two liquids form an 
ideal mixture,  the ratio of their  part ial  pressures in 
the vapor phase will be near ly  the same as the ratio 
of their concentrations in the AsC18-bubbler. 

For the $2C12 doping experiments  a reactor was 
used with two Ga source tubes side by side, each 
connected to a bubbler ,  one for AsC13, the other for 
the AsCI~-S~C12 mixture  (Fig. 2). In  the deposition 
zone the dopant concentrat ion can be varied either 
by varying the proport ion of the gas streams through 
the two bubblers  or by changing the amount  of $2C12 
in the AsC13 bubbler.  The results indicate that after 
saturat ion of the Ga source with As along with for- 
marion of a GaAs crust (12) a constant  sulfur  pres-  
sure is obtained in  the system, and steady-state  con- 
ditions can be expected during expitaxial  growth. 

The following start ing materials were used: chro- 
mium-doped GaAs substrates (p = 107-10 s ohm-era, 
Monsanto) orientated 2 ~ off {100} towards {110}, gal-  
l ium (99.9999% Johnson Matthey),  AsCI3 (Suprapur,  
Merck),  $2C12 (99%, Riedel-de Hean) redistilled, H2S 
(985 ppm in  H2, Matheson).  The hydrogen was pur i -  
fied in a Pd-diffuser. 

The experimental  results in Table I demonstrate 
the behavior  of the deposition system using $2C12. 
The epitaxial layers were grown in the listed succes- 
sion, at a deposition tempera ture  of 740~ a flow rate 
of 200 m l / m i n  (tube diameters: source tube 25 mm, 
substrate tube 55 mm) ,  and an AsCls-part ial  pressure 
of 9.9-10-8 atm. The deposition t ime was 1 hr. An  
amount  of 5 ~ of S2Cl~ was added to 100 ml of AsCI~, 
giving a doping level of 3.4.1018 cm-~ determined by 
Hall effect measurements.  By t ransferr ing the Ga 
source into the second source tube connected to the 
bubbler  containing only AsCl3 a doping level of 2.3- 
l015 cm--3 was reached under  the same growth con- 
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