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ABSTRACT 
A number of iron and iron arsenide films have been grown using oentacarbonyl iron and arsine by conventional 

organo-metal chemical vapor deposition (OM-CVD) on single-crystal GaAs. Auger sputter profile on a 1240A-thick iron 
arsenide sample gave a composition consistent with the intended compound, FeAs2, a narrow-gap semiconductor. Infra- 
red transmission data on the same film yielded an optical gap of 0.16 -+ 0.01 eV, which compares with the known electri- 
cal gap of 0.22 eV for bulk FeAs2. An apparent catalytic action of pentacarbonyl with arsine allows the iron arsenide to 
form from arsine at low temperatures near 300~ The low temperature of growth suggests the possibility of forming 
heterostructures between a narrow-gap semiconductor and a ferromagnetic film. Such a structure was successfully 
grown on GaAs. 

Recent work by Prinz and Krebs (i) has shown that 
high quality epitaxial Fe can be grown on GaAs surfaces 
for film thicknesses less than 1 ~m. These thin epitaxial 
films were deposited by the molecular beam epitaxy 
(MBE) technique using high purity elemental Fe as the 
source. In those experiments, the optimum growth condi- 
tions, as determined by reflection high energy electron 
diffraction and ferromagnetic resonance occur for sub- 
strate temperatures between 175~176 

More recently, Kaplan and Bottka (2) have shown that 
high quality epitaxial Fe on GaAs surfaces can also be 
grown using chemical vapor deposition (CVD) by decom- 
posing the organo-metal (CO)sFe thermally on the sub- 
strafe at 200~ in an ultrahigh vacuum chamber. In that 
UHV-OM-CVD process, in-situ Auger electron spectros- 
copy (AES) and low energy electron diffraction (LEED) 
analysis was used to characterize the growth process of 
the Fe film~. Those studies showed that Fe growth on 
GaAs proceeds by layer rather than island formation. The 
LEED data elucidated the nature of the atomic arrange- 
ment of Fe on GaAs for various surface orientations for 
the first few monolayer coverage. 

In the present work, we investigated the growth of 
films of iron and one of its compounds, the narrow-gap 
semiconductor FeAs2, on GaAs by the more conventional 
technique of OM-CVD, which uses H2 as a carrier gas to 
transport the OM species to the substrate. The conven- 
tional technique is simple, efficient, and amenable to 
large scale application. 

We have found that with care normal OM-CVD tech- 
nique does allow the production of Fe and FeAs2 films on 
GaAs. Indeed, to our knowledge, this study has produced 
the first synthesis of FeAs~ in thin film form. This syn- 
thesis is apparently aided by a catalytic enhancement of 
the decomposition of the arsenic source (ASH3) in the 
presence of the iron source, pentacarbonyl iron (CO)sFe, 
which allows FeAs2 to be formed at a relatively low sub- 
strafe temperature. 

Experimental 
The ver t ical  OM-CVD reactor  used  in these  experi-  

ments  (Fig. 1) is a conven t iona l  se tup used  to grow high 
qual i ty  GaAs and A1GaAs/GaAs on GaAs substra tes  but  
with the  addi t ion of the  (CO)sFe source added  to the  man-  
ifold. The  reactor  gas mani fo ld  and mix ing  sys tem were  
cons t ruc ted  f rom pass iva ted  stainless steel tubing.  Par ts  
were  e i ther  we lded  or  jo ined  with vacuum-compa t ib l e  
VCR fittings. The  sys tem utilizes mass flow control lers  
for control  of  the  var ious  gaseous flow rates and pneu- 
mat ical ly  control led  be l low valves  for swi tching  all gase- 
ous flows. 

The carrier gas used was ultrahigh purity, palladium- 
purified hydrogen. The arsenic source was ultrahigh pu- 
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rity arsine conta ined  in a commerc ia l ly  suppl ied  h igh  
pressure  cylinder.  The  99.5%-grade (CO)sFe f rom Alfa 
Vent ron  was twice  v a c u u m  disti l led and t ransfer red  into 
a stainless steel  cy l inder /bubble r  which  was held  at 24~ 
dur ing  growth.  All sa turated vapors  and gases were  
m i x e d  and di lu ted with  H~ in a mani fo ld  prior  to intro- 
duc t ion  into the reactor.  

The  GaAs substrates  were  undoped  l iquid-encapsu-  
lated Czochralski  (100) or iented wafers  wh ich  were  bro- 
mine -me thano l  pol ished,  cleaned, and e tched  in 1:1 
NH4OH:H~O prior to loading into the reactor.  

The  cold-wal led growth vessel  was a quar tz  cyl inder  
coupled  to the  mani fo ld  wi th  ul t ra torr  fittings. The 
sample  res ted on a si l icon carbide-coated graphi te  sus- 
cep tor  and was RF induc t ive ly  heated.  

Growth of Fe Films 
Typical  g rowth  condi t ions  for Fe  on GaAs are shown  in 

Table  I. I ron  films grow easi ly in the  t e m p e r a t u r e  range  
150~176 and the  o p t i m u m  tempera tu re  is at 200~ This 
is s imilar  to that  found in MBE and in UHV-OM-CVD ex- 
per iments .  The growth  rate depends  upon  the  partial  
pressure  of  (CO)~Fe in the  reactor.  For  typical  flows of  15 
cm3/min of  hydrogen  th rough  the  (CO)sFe bubb le r  and 1 
l/rain of H2 dilution, the growth  rate was about  200 A/min,  
as de t e rmined  f rom Dek tak  measurements .  

The sample  t empera tu re  and its surface IR  emiss iv i ty  
was mon i to red  dur ing  growth  with  an I rcon  p y r o m e t e r  1 
opera t ing  in the 2-2.6tL spectral  range. At  200~ and jus t  
pr ior  to growth,  the value  of the  GaAs substra te  emissiv-  
ity was 0.7. U p o n  ini t iat ion of growth,  this va lue  d ropped  
to 0.29, indica t ing  the  format ion  of  a metal l ic ,  infrared 
ref lect ing film. The  g rown  Fe  fi lms are h ighly  reflec- 
t ive (Fig. 2), show no indica t ion  of  ta rn ishing wi th  t ime, 
and are very  s t rongly bonded  to the  GaAs substrate.  A to- 
tal of  15 Fe/GaAs samples  were  grown. 

Growth of FeAs~ Films 
There  are a n u m b e r  of  c o m p o u n d s  which  can be 

fo rmed  be tween  iron and arsenic,  inc lud ing  Fe2As, FeAs, 
and FeAs2. The  last compound ,  iron di-arsenide,  appears  
natural ly  as the  minera l  loel l ingi te  (3), and its g rowth  is 
favored  by  an arsenic-r ich e n v i r o n m e n t  dur ing  format ion.  
I t  is a narrow-gap semiconduc to r  whose  proper t ies  have  
been  part ial ly studied. 

Bulk FeAs~ has been grown (6) by the vapor transport 
method in the temperature range 600~176 but, to our 
knowledge, thin film FeAs2 had never been previously 
synthesized. FeAs2 has the cell dimension (4-7) of a = 
5.300A, b = 5.983A, and c = 2.882A, an enthalpy of forma- 
tion of 10.4 kcal/mol (8, 9), specific gravity of 7.4 (I0), and 
is diamagnetic (ii, 12). 

i Ircon Radiation Thermometer Series 300 C, manufactured by 
Ircon, Inc., Niles, IL 60648. 
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Fig. 1. OM-CVD system used in the growth of Fe and FeAss an 
GoAs. Arsine and hydragen enter from tanks located to the right and 
are exhausted through a bubbler and a burner (neither shown) to the 
left. The substrate is rotated at approximately 30 rpm. 
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Table I summarizes the growth conditions of FeAs2 on 
GaAs. These films grow in the temperature range 200 ~ 
400~ and the optimum growth temperature seems to be 
near 3QO~ considerably below the vapor transport tem- 
perature used for bulk growth (6). We believe that the low 
temperature growth of FeAs~ in our OM-CVD system may 
result from a catalytic action of Fe or (CO)sFe on the de- 
composition rate of ASH3. Schlyer and Ring (13) have ob- 
served pyrolytic decomposition of (CH3)3G a and PH3 over 
product-crated walls at 240 ~ and 270~ On the basis of 
their analysis, the authors propose that AsH3 and (CH3)3 
Ga can catalytically decompose at low temperatures on 
GaAs surfaces after surface adsorption and formation of 
complexes. A similar surface catalysis may be operable in 
our case. 

The grown films are highly reflective, and their emis- 
sivity during growth is about 0.7, similar to GaAs and 
distinctly different Irom the surface emlsslvlty of the 
growing iron films. The high emissivity is consistent 
with the low diffuse reflectivity of loellingite (14). The 
iron di-arsenide films have low surface conductivity, are 
soft, and show no signs of degradation after nine-month 
exposure to the atmosphere. 

X-ray diffraction measurements at grazing incidence 
was attempted to obtain crystallographic information 
about the thin FeAs~ film. However, results were incon- 
clusive due to the strong background signal of the GaAs 
substrate. 

Figure 3 shows the sputter Auger profile of one of the 
six FeAs2-grown films. Atomic concentration estimates 
from this data indicate that the preferred stoichiometry is 
nearer FeAs~ rather than FeAs or Fe2As, two other possi- 
ble formations. The interface between the film and the 
substrate is about 80A wide. The Ga and carbon peak was 
monitored but not found in the film. The observed 20% 
drop in the As atomic concentration in going from FeAs2 
into GaAs is near the 23% atomic concentration difference 
expected between the two compounds. Interferometric 

Table I. Growth condition for Fe and FeAs2 on GaAs 

Fe FeAs2 

Reactor pressure (torr) 760 760 

Growth temperature (~ 150-300 200-400 

Optimum growth temperature (~ 200 300 

Total gas flow (l/rain) 1.0 1.1 

(CO)~Fe source temperature (~ 24 24 

HJ(CO)~Fe bubbler flow (cm3/min) 15 10 

Arsine flow (cm3/min) - -  90 

Growth rate (A]min) 200 80 

Fig. 2. Typical Fe film grown on single-crystal GaAs 
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Fig. 3. Sputter Auger profile of FeAs2-grown film. Variation of Au- 
ger elemental sensitivity factars are included. Interferametric mea- 
surement an the sputtered crater gave estimate of the film thickness 
and its growth rate. Film thickness is 1240 • 50~. 

m e a s u r e m e n t s  o n  t h e  s p u t t e r e d  c r a t e r  g a v e  e s t i m a t e  o f  
t h e  f i lm t h i c k n e s s  a n d  i ts  g r o w t h  ra te .  M a t r i x  e f f e c t s  
w e r e  t a k e n  in to  c o n s i d e r a t i o n  i n  p r e s e n t i n g  t h e  d a t a  in 
Fig.  3. T h e  e f f ec t  o f  p r e f e r e n t i a l  s p u t t e r i n g  in  s t o i c h i o m e t -  
r ic  ra t io  is n o t  k n o w n .  

I n f r a r e d  t r a n s m i s s i o n  m e a s u r e m e n t s  w e r e  c o n d u c t e d  
o n  t h e  g r o w n  1240A f i lm s a m p l e  p r o f i l e d  in  F ig .  3 a n d  
on  a c o m p a n i o n  G a A s  s i n g l e - c r y s t a l  s u b s t r a t e .  F i g u r e  4 
p r e s e n t s  t h e  r e s u l t s  in  t e r m s  o f  t h e  n o r m a l i z e d  ra t io  o f  
s a m p l e  t r a n s m i t t a n c e  to  t h a t  o f  t h e  s u b s t r a t e  o v e r  t h e  re- 
g i o n  f r o m  3.5 to  20/~m.  T h e  e l e c t r i c a l  g a p  o f  FeAs2 de t e r -  
m i n e d  f r o m  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  a b u l k  
s a m p l e  is  0.22 eV (11) a n d  t h a t  e n e r g y  l ies  a l m o s t  e x a c t l y  
at t h e  e n e r g y  w h e r e  t h e  n o r m a l i z e d  t r a n s m i s s i o n  h a s  
r i s e n  h a l f  way.  I f  w e  d e f i n e  t h e  o p t i c a l  g a p  c o n v e n t i o n -  
al ly as  t h e  e n e r g y  at  w h i c h  t h e  a b s o r p t i o n  c o e f f i c i e n t  is 
104 c m  -1, a n d  n e g l e c t  i n t e r f e r e n c e  e f f ec t s  in  t h e  o p t i c a l l y  
t h i n  s a m p l e ,  t h e  o p t i c a l  g a p  o f  t h e  d e p o s i t e d  f i lm is 0.16 
• 0.01 eV. T h e  o b s e r v e d  g a p  e n e r g y  d i f f e r e n c e  o f  0.06 eV 
b e t w e e n  t h e  b u l k  a n d  o u r  f i lm s t e m s  f r o m  t h e  d i f f e r e n t  
m e t h o d s  o f  d e t e r m i n i n g  g a p  e n e r g i e s .  T h e  b u l k  c o n d u c -  
t i v i t y  vs. t e m p e r a t u r e  m e a s u r e m e n t  g i v e s  t h e  e x t r a p o -  
l a t e d  gap  e n e r g y  at  0 K,  w h e r e a s  o u r  op t i c a l  d a t a  w e r e  

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 138.251.14.35Downloaded on 2014-11-06 to IP 

http://ecsdl.org/site/terms_use


446 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  February 1984 

1.0 

0 

r 

E 
(n 
c 
(o 
t .  p. -o 
4) 
g 
m 
(0 

E 
k. 

0 
z 

0.01 

gap energy~~ 
0.1 0.2 0.3 

Photon Energy, eV 

Fig. 4. Normalized ratio of sample transmittance (FeAs2) to that of 
the GaAs substrate in the infrared. Arrow indicates the electrical gap 
energy (I i) of FeAst. Uncertainty in the measurement is shown by the 
bar at the right lower corner. 

taken at 300 K. The 2 x 10 -4 eV/K gap variation is close to 
the value observed in most semiconductors. The sample 
transmission data reveal repeatable optical structures 
within the measured range which are absent in the GaAs 
substrate and which appear to be real properties of the 
film. 

Summary 
Conventional OM-CVD has been used to grow high 

quality films of the metal Fe and one of its compounds, 
FeAs2, upon single-crystal GaAs. The successful growth 
of the narrow-gap semiconductor FeAs2 raises the possi- 
bility that less well-known narrow-gap semiconductors of 
the type (Fe, Ni, Co)-(P, As, Sb) may be possible. In addi- 
tion, the growth of compatible Fe and FeAs2 films within 
the same OM-CVD system offers promise that hetero- 
structures involving metal and narrow-gap semiconduct- 
ors may be fabricated in a simple manner by OM-CVD. 
This possibility is accentuated by the low temperature re- 
quired at which FeAs2 grows from arsine in the presence 

of pentacarbonyl iron. Because of this relatively low 
growth temperature, attempts were made to deposit 
alternate thin layers of FeAs2/Fe on GaAs. We were suc- 
cessful in a preliminary growth of a FeAsJFe/FeAsJFe  
heterostructure, whose overall thickness was approxi- 
mately 150A, on single-crystal GaAs. The resulting het- 
erostructure has a brilliant luster, and is strongly bonded 
and lasting. Further work is needed to characterize its 
properties. 
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ABSTRACT 

Intentionally oxygen-doped Mo films (MoOx) for MOS gate electrodes are investigated to  eliminate the penetration 
of implanted As ions into the silicon substrate through the gate electrodes and gate oxides. The MoOx films are pre- 
pared by reactive sputtering of Mo in-a mixture of Ar and 02 gases. Depth profiles of As ions and MOS C-V curves are 
measured to estimate stopping properties. For as-deposited MoO/ films, whose oxygen concentrations are higher than 
20 atom percent (a/o), As ion penetration depth is within 0.15 ~m under 100 keV As ion implantation. This depth is about 
one third of that in normal Mo films. This excellent stopping property can be attributed to the nearly amorphous struc- 
ture, which suppresses As ion channeling in the films resulting from oxygen doping. The resistivity of MoOx films with 
39 a/o oxygen after annealing at 1000~ for 30 min is 25 ~12-cm, which is only three times as large as that for normal Mo 
films. In MoOx gate MOS structures, MOS characteristics are independent  of oxygen concentrations in the films, and 
are almost the same as the characteristics for normal Mo gate electrodes. 

Thin molybdenum (Mo) films have been attracting 
much attention as self-aligned gate electrodes and inter- 
connections for highly packed MOSFET integrated cir- 
cuits (1, 2). The reason for this is their low resistivity, high 
temperature resistance, and high density (10.3 g cm-3), 
which is beneficial for ion implantation masking materi- 

Key words: metals, integrated circuits, ion implantation, 
sputtering. 

als. Nozaki, however, has reported that unwanted deple- 
tion modes have been observed in Mo gate MOSFET 
characteristics when arsenic (/~s) ion implantation is 
carried out using Mo gates as masks (3). Fujinaga has 
pointed out that the main cause of this phenomenon is 
the anomalous penetration of As ions into the silicon sub- 
strate caused by As ion channeling in some columnar Mo 
grains (4). To improve stopping properties, silicon nitride 
(5) and molybdenum nitride (6) coatings on Mo films, as 
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