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ABSTRACT 

Vanadium has been grown on ( I l l )  oriented silicon substrates using the 
hydrogen reduct ion of VCI4. The reaction kinetics related to the growth of 
the deposits has been investigated. V-Si diodes fabricated from the de- 
posited vanadium on silicon samples were found to have a barr ier  height of 
0.70 • 0.04v in agreement  with that  theoretically predicted in other studies. 

Recent interest  in the chemical deposition of metals 
on semiconductor substrates has been st imulated by 
potential  appl ica t ions  in the fabrication of diodes and 
metal -base  transistors. Deposition of molybdenum on 
silicon has been reported by Casey et al. (1) and 
Lindmayer  (2); the lat ter  author reported that 100A 
thick molybdenum layers on silicon were not single 
crystal. Crowell et aL (3) have reported deposition 
of polycrystal l ine tungsten  films on silicon, ge rman-  
ium, and gall ium arsenide substrates. The purpose of 
this paper is to present  data on the growth of v a n -  
adium on silicon substrates and to study the feasibility 
of V-Si diode fabrication from these structures. 

A schematic diagram of the deposition apparatus 
used is shown in Fig. 1. The deposition apparatus was 
the vert ical  reactor, RF-hea ted  type, convent ional ly  
used for the hydrogen reduct ion of silicon te t rahal -  
ides (4). The VC14 was prepared by the reaction be-  
tween vanad ium and chlorine. The chlorine was passed 
over vanad ium at 800~176 The chlorine was pur i -  
fied by passing it through graphite heated to 650~ 
The VC14 was condensed at 0~ in a cold finger for 
subsequent  controlled vaporization in  a purified hy-  
drogen flow. During deposition, hydrogen was passed 
over the VC14 at the rate of 0.5 1/min and another  4 
l / ra in  flow of hydrogen bypassed the cold finger and 
flowed into the reactor. The VC14 part ial  pressure was 
controlled by thermostat ing at temperatures  from 
--15 ~ to 25~ The VC14 vapor pressure values used 
for calculating part ial  pressures of VC14 were ob- 
tained by extrapolat ing the data of Simons and Pow-  
ell (5) below 39.5~ It was assumed that  the only 
significant compound formed from the V-CI2 reaction 
was VC14. The vanad ium was obtained from Gal lard-  
Schlesinger Chemical Corporation and was 99.9%. Sil-  
icon substrate samples were 1.5 ohm-cm, n - type  single 
crystal wafers oriented in the (111) plane and were 
electrochemically polished. Over-al l  deposited thick- 
ness was determined by masking a portion of the sub-  
strate with a silicon chip and measur ing  the resul t ing 
step in the vanadium deposit with a Zeiss interference 
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Fig. 1. Schematic diagram of apparatus 
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microscope. Vanadium was deposited with an over-al l  
average thickness up to 10~. 

Variables affecting the deposition rate of vanad ium 
which have been studied are the silicon substrate tem- 
perature  and the part ial  pressure of VC14. The effect of 
tempera ture  was studied between 1140 ~ and 1300~ at 
a VC14 partial  pressure of 0.2 Torr. For study of the 
variat ion of deposition rate with part ial  pressure var i -  
ation, the VC14 was varied be tween 0.08 and 0.9 Torr, 
and silicon substrate  samples were held at 1300~ 
Figure 2 shows the variat ion of the vanad ium deposi- 
tion rate with temperature.  The kinetic data for the 
deposition rate between 1140 ~ and 1300~ could be 
fitted to an Arrhenius  type equat ion 

r ~ Ae-~Ha/RT 

where ~H,, the apparent  act ivation energy for the 
over-al l  reaction, was 72 • 2 kcal/mole.  
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Fig. 2. Temperature dependence of vanadium deposition at 0.2 
Torr VCI4 pressure. 
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Fig. 3. Effect of VCI4 partial pressure on deposition rate at 1300~C 
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Fig. 4. Electron micrograph of deposited vanadium crystallite. 
Magnification 8000X. 
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Vanadium-si l icon diodes were made from vanad ium 
which was deposited approximately 10~ thick and 
which covered approximately 80% of the silicon sur-  
faces. The diodes were made  using the  procedure pre-  
viously described for tungsten-s i l icon diodes (3) :  Au-  
Sb ohmic contacts were alloyed to the back surface of 
the  silicon substrates a t  370~ 1O rail diameter  gold 
dots were evaporated on the deposited vanad ium sur-  
face, and samples were etched in 10:1 HNOs:I-IF to 
remove vanad ium from the  unmasked areas. Because 
the substrate temperature  dur ing vanad ium deposi- 
tion is 100~ lower than the V-Si eutectic t empe ra -  
ture, and diffraction studies did not  show silicide for- 
mation, the junct ion  is believed to be of the nonal loyed 
type. Current -vol tage  and capacitance-voltage meas-  
urements  were used to investigate the V-Si diode 
characteristics. Typical forward current  densi ty-vol t -  
age plots are shown in Fig. 6. These curves can be 
fitted by the diode equat ion (8) 

J = Js[e(qVa/nkT)--l] 

where Va is the voltage applied across the junction,  n 
is an empirical constant, and Js is the saturat ion cur-  
ren t  density. The value of n obtained from Fig. 6 is 
about 1.1 for current  densities r ang ing  from 10 -4 to  

Fig. 5. Micrographs showing increasing density of deposited 
vanadium crystallites for average deposit thickness from 1 to 5~ 
(left to right). 

Figure  3 shows the effect of the parUal pressure  of 
VCI~ on the deposition rate of vanadium. Over the 
pressure range studied the deposition rate obeyed a 
relat ion of the type 

r = kp"vc14 

The slope of the deposition ra te-pressure  l ine in  Fig. 
3 gives a value of n = 0.9, indicat ing that  the deposi- 
tion reaction is close to first order. It  can be assumed 
that the low part ial  pressures of VC14 used favor a 
heterogeneous reaction. Tyzack and England  (7) have 
concluded that  the following reduct ion reaction of 
VC12 to form vanad ium is ra te-control l ing 

VCI2 -I- H2"-) V -p 2HCI 

Their conclusion is apparent ly  based on the increasing 
positive value of aG ~ with decreasing tempera ture  be-  
low about 1250~ 

Vanadium crystal growth was observed to take 
place by island formation similar to that  observed by 
Manasevit  et al. (6) for epitaxial  silicon growth on 
sapphire. The surface deposits were analyzed for van -  
adium by an electron probe microanalyzer.  The elec- 
t ron probe used for these studies was a Microscan, 
manufac tured  by the Cambridge Ins t rumen t  Com- 
pany. This scanning type electron probe permit ted 
two-dimension displays of the sample surface and 
showed the deposits to be vanad ium particles or clus- 
ters. Transmission electron diffraction pat terns ob- 
tained from vanad ium deposited surfaces indicate that  
the vanad ium crystalli tes are of the same ( i i i )  or ien-  
tat ion as that  of the silicon substrate and are single 
crystalline. No evidence of silicides was observed. Fig-  
ure 4 shows a typical vanad ium crystall i te as viewed 
by electron microscopy. Optical microscopic examina-  
t ion of vanad ium deposited surfaces showed that  the 
deposits consisted of an array of discrete vanad ium 
crystallites. Vanadium crystall i te density varied with 
the over-a l l  average depth of deposited vanadium.  
Figure 5 shows this density variation,  for average 
depth of deposit from 1~ increasing to 5~. 
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Fig. 6. Forward current-voltage characteristics for V-Si diodes 
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10-1 amp/cm 2. The value of Js is (3.0-3.6)><10 -5 
amp/cm 2. The barr ier  height, CB, was found to be 
0.70 -_+-_ 0.04v based on the assumption that  the Rich- 
ardson equation 

Js ~ A*T2e (-qoB/kT) 

can be used to relate the barr ier  height, CB, and Js 
(3). A theoretical value of A*, 258 amp/cm2/K 2, has 
been used (9). The Js is the sum of the currents  for 
V-Si and Au-Si  diodes, because, as discussed above, 
approximately 80% of the areas are covered by vana-  
dium and 20% covered by gold. However, the barr ier  
height of Au-Si  diode is about 0.80v (16) which is 
0. lv  higher than  the present ly measured barr ier  height. 
The correction in CB of V-Si diode is less than  0.025v. 
The reverse characteristics of the diodes were qual i -  
tat ively consistent with the diode equat ion with a re -  
verse current  density of the order of 10 ma /cm 2 at 10v. 

Capacitance-voltage measurements  on V-Si diodes 
are shown in Fig. 7. The doping level, ND, determined 
from resistivity measurement ,  was 3.8X1015 cm -3, and 
from the slope of the 1/C 2 vs. Va plot 4.3X1015 cm -3. 
The barr ier  height can also be determined from the 
data in Fig. 7 by use of the equation (3, 11) 

,bs = V~ + V s -~ k T / q -  A,~ 

where V~ is the voltage intercept, 0.48 • 0.04v, V I, the 
depth of the Fermi  level below the conduction band, 
is 0.288v for 1.5 ohm-cm, n - type  silicon, and he is the 
image force barr ier  lowering (12), approximately 15 
mv for V-Si diodes. Thus ~B was found to be 0.71 • 
0.04v. Since the measured capacitance over the voltage 
range wil l  only be affected by the combined diode sys- 
tem to less than 2%, the correction for CB of V-Si di-  
ode is again of the order of 0.025v. 

The consistency of the value of the barr ier  height 
obtained from the above measurements  and the fact 
that  n is close to uni ty  and 1/C 2 is l inear ly  dependent  
on Va indicate the existence of a Schottky junction.  
The barr ier  height obtained in  this study has been 
found to be in reasonable agreement  with that  pre-  

dicted theoretically by Cowley and Sze (13) based on 
the assumptions that  the contact between the metal  
and the semiconductor has an interfacial  layer  of the 
order of atomic dimension and the surface state dens- 
ity at the interface is a property only of the semicon- 
ductor surface. 
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Selective Epitaxial Deposition of Gallium Arsenide in Holes 
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ABSTRACT 

Epitaxial  deposition of gal l ium arsenide in  holes etched into gal l ium 
arsenide substrates was investigated. Single crystal deposits with excellent 
surfaces were obtained. The effect of substrate orientat ion on the degree of 
lateral  overgrowth above the substrate surface was studied. Depositions in 
{100} oriented substrates produce faceted deposits, whose upper  surfaces 
are several microns above the substrate surface. Epitaxial  hole deposits with 
surfaces level with or near ly  level with the substrate surface are obtained 
with accurately oriented { l l l } -B  substrates. 

The importance of selective epitaxial deposition has 
long been realized in integrated circuit  technology. 
Genera l ly  the technique involves epitaxial  deposition 
onto the substrate only in  certain areas which are ex- 
posed by windows in a protective film (e.g., SiO2). 
This technique has been investigated both for silicon 
(1) and gall ium arsenide (2) substrates. 

Extension of the technique to include selective dep- 
ositions in  substrate holes has not been widely re-  
ported. The investigations which have been reported, 
such as the recent  studies by Jackson (3), have been 
directed toward the epitaxiaI deposition of silicon in  
holes etched into a silicon substrate. However, the 
selective deposition of gal l ium arsenide in substrate 
holes has been general ly neglected. 

Due to the availabil i ty of semi- insula t ing  gall ium 
arsenide, the three-dimensional  integrated circuit or 
funct ional  electronic block has become increasingly 
promising (4). In  view of this as well  as ~he ac- 
celerating importance of integrated circuits in general, 
an invest igat ion of the na ture  of epitaxial  deposition 
of GaAs in substrate holes was under taken.  

Experimental 
Both semi- insula t ing (Cr doped) and n - type  (Te 

doped) gall ium arsenide substrates were employed. 
The crystals were x - ray  oriented and cut into 25 mil  
thick slices, which were then polished with a sodium 
hypochlorite solution according to the method of Reis- 
man  and Rohr (5). Either {100} or { l l l } - B  surfaces 
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