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Schottky Barrier Characteristics of Polycrystalline and Epitaxial
CoSiz/n-Si( 111) Contacts Formed by Solid State Reaction’
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Abstract: Polyerystalline and epitaxial CoSiz films are formed on the n-5i ( 111) substrates by solid state reaction of
the as-deposited Co singledayer and Co/Ti bilayer with Si, respectively at different annealing phase. The CoSi2/Si
Schottky contacts are measured with the current—~voltage and capacitance~voltage (1 /C¥) techniques within the
range of temperature from 90K to room temperature. The measured IV characteristics have been analyzed with a
model based on the inhomogeneity in Schottky barrier height, i. e.. at high temperatures ( =~ 200K) or low
temperatures but with a large bias, the IV curves can be described by using the thermionic emission theory with
a Gaussian distributed barrier height over the whole junction, while at low temperatures and with a small bias. the
current is dominated by some small patches with low barrier height. It results in a plateauike section in the low
temperature I -V curves around 107 "A. At room temperature. the barrier height of polycrystalline CoSi2/Si deduced
from the [-V curve is about 0.57eV. For epitaxial CoSi2, the barrier height depends on its final annealing

temperature and increases from 0. 54eV to 0. 60eV with the annealing temperature increasing from 700°C to 900°C.
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1 Introduction

Cobalt ( CoSi2) is an

candidate of contacts and interconnects in modern

silicide important
very large scale integration (VLSI) technology due
to its low resistivity, high thermal stability and no
nucleation problems in narrow lines'". CoSi> has
the same structure as CaF: with a small lattice
mismatch with respect to Si, which makes the
epitaxial growth of CoSiz on Si relatively easy. It is

well known that appropriate heat treatment of Co/

inhomogeneity

Article ID: 0253-4177(2001) 06-0689-06

Ti bilayer on both (111) and ( 100) oriented Si
results in an epitaxial CoSi: film (TIME: Ti-
interlayer mediated epitaxial)'”, while the ex-situ
annealing of a single Co layer on Si results in a
polycrystalline silicide. Much research has been
done on their formation mechanisms as well as the
structural and electrical properties'> *'.  The

Schottky

semiconductor ( M-8) contact are usually studied

barrier  properties of a metal-
with current—and capacitance—voltage (I-V/CV),
photoemission spectroscopy and ballisties electron

emission microscopy (BEEM). It is known that the
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Schottky barrier height ( SBH) of a CoSi/Si
contact depends on its formation parameters, such

as growth type (solid state reaction, molecular

beam epitaxy, ion implantation synthesis ),

annealing procedure, orientation, dopant
. 5—10] . .

concentration, et¢” " The electrical properties of

CoSiz films formed on the ( 100) oriented n-Si

substrates by solid state reaction have been
reported . The epitaxial CoSi>/Si( 100) contacts
have slightly lower SBH than the polycrystalline
ones due to the Ti incorporation in the M-S
interface, which also influences the barrier height
distribution and the temperature coefficient. Both
I¥V/CV and BEEM measurements have shown
that MBE-grown CoSi2( 111) /Si( 111) has a lower
barrier height than CoSi:( 100) /Si( 100) "' In this
paper, the SBH properties of CoSi2/Si ( 111)
contacts formed by solid state reaction are studied
by IV/C from 90K to room temperature.
However, the charge carrier transport through
a M-S junction is still to be defined. T he forward /-
V characteristics are commonly analyzed by using
theory with a

uniform barrier height over the whole junction'"",

the thermionic emission ( TE)

however, which fails to describe the observed IV
results. Recently, the assumption that the barrier
height is inhomogenous'” ' has been confirmed
by BEEM measurements' . By using a modified
TE model with a Gaussian distributed barrier
height over the whole junction, all the phenomena
can be explained, including the different SBH
deduced from different methods, noninearity of
the Richardson plot, strong dependence of both the
apparent SBH and the ideality factor. However, it
cannot explain the double threshold phenomenon
that is sometimes observed in lowtemperature /-V
curves in the middle bias region and is attributed to
the small patches of low barrier height. The IV
curves are well described over the whole
temperature region with the combinative model of

the Gaussian distribution model and the pinch-off

one.

2 Experiment

The substrates used in this work were n” /n”
epitaxial Si (111) wafers ( phosphor doped). The
doping level of the epitaxial layer was about 8 X
10"em™ * and the resistivity of the n* substrate was
about 0.01Q * em. After the thermal oxide layer of
300nm had been grown, the square windows in
different sizes were opened with the standard
lithography and wet etching procedures.
Immediately after the standard RCA cleaning and
dipping in a diluted HF solution to remove the
native oxide on the active area, the wafers were
loaded in a chamber of Oxford sputtering system
with a base pressure of about 1X10™ *Pa. T itanium
and cobalt were sequentially deposited without
breaking the vacuum. The CoSi: silicidation was
RTA

in the N2 ambient with an

formed after a two-step ex-situ ( rapid
thermal annealing)
interval of selective etching: first annealing at
600C for 1 min, then etching in a boiling solution
of H2S04 2 H202= 3 I 1 for Smin and in a boiling
solution of NH4OH : H:202 © H20= 12 2 35 for
2min, finally annealing for 1 min at different
temperatures ( 700, 800 or 900°C). An In-Ga alloy
(liquid) was used as a backside ohmic contact.
The I¥/CV measurements were carried out
automatically with a computer controlled system
composed of a Keithley 619 electrometer and a
multiHrequency LCR HP 4274A meter. The diode
was cooled down by liquid N2 and the variation in

the temperature is less than £4K during the one-

temperature—point measurements.

3 Results and Discussion

Forward IV characteristics of an epitaxial
CoSi2/Si(111) at the temperature between 95K and
288K are displayed in Fig. 1. The CoSi: film is
formed of Co(5Snm)/Ti(3nm)/Si after the final
annealing at 700C and the diode area is about
0. 008cm”.

Sheet resistance and XRD ( X-ray
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diffraction) measurements show that the epitaxial
cobalt disilicide with low resistivity has been
formed after annealing at 700C for Imin. With
Rutherfold

channeling minimum is obtained about 10%'*'.

backscatting  spectroscopy, the

102 =
r =2
10-‘ 1 n 288K
/ o Z73K
Vs ey . 260K
<107°f, i o 240K
3 ) + 219K
g L e s WIK
104 Y o /8 * 180K
| YA v 161K
! 1 =- ¢ 142K
_of/ A e 3 o 120K
107 207 » 100K
] :. * 95K
1) B A/ | L L —Fit
0.0 0.1 0.2 0.3 0.4 0.5
Voliage/V
FIG. 1 Forward I-V Characteristics of Epitaxial

CoSiz ( 111)/Si (111) Different

Temperatures and Their Theoretical Fitting

Curves Based on Modified TE Model

Diode at

The forward IV curves in Fig. 1 are analyzed
with the expression based on the TE model'":
I'= AA" " Tlexp(- q@®"/(kT))

X {explq(V = IR.)/(nkT)] - 1} (1)
where A is the diode area, A"~ is the Richardson
constant (for n=Si,A" = 112A *em™ * K %), @
and n are the apparent barrier height and the
apparent ideality factor obtained from the forward
IV characteristics, R: is the series resistance. T he
least square fitting is made with @, n and R. as
adjustable parameters. The fitting curves are also
shown in Fig. 1. At high temperatures or at low
temperatures but with large bias, the fitting curves
match the experimental data quite well. However,
the deduced values of @~ and n are temperature
dependent, especially at low temperatures. The

phenomenon has been explained by using the

1" Assuming

barrier height distribution mode
the barrier height over the whole junction is a
Gaussian distribution, and the carrier transport

through the different barrier height independently

( parallel conductor model), the total current is
given by an expression similar to Eq. 1 but with
both @ and n temperature-dependent'"”:
& = &- 0a°q/(2kT) (2)
I/n= (1= P) + qooP2/(kT) (3)
where ®is the average barrier height and 0w is the
standard deviation. Pi and P2 are the bias
coefficients of ®and 0o, respectively. It implies that
both plots of @~ =1/T and 1/n-1/T gives a straight
line, which are shown in Fig. 2. The values
obtained from the least square linear fitting of the
experimental data are: E)z 0.58eV, o= 0.047eV,
pi= — 0.08 and p2= — 0.05, in agreement with the
values reported ""'. However, the linearity of both
plots is not very good, which is attributed to the
temperature dependence of both @ and Os, and the
relatively large error of @~ and n due to the effect

of the series resistance.
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FIG. 2 Apparent Barrier Heights and Ideality

Factors as a Function of Reciprocal Temperature and

T heir Linear Fittings

Figure 1 shows that there is a plateau-ike
section in the low temperature /-V curves around
10°'A. Such

attributed to the small patches with low barrier

double threshold behavior is
height. According to the pinch-off model, the
current through the small patch can be expressed
by' ™

I,= AuwA” " T’exp(- q@u/(kT))

X (explq(V = TR« /(KT)] = 1) (4)
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where @ur and A« are the effective barrier height
and the effective area of the patch, respectively.
Both of them depend on the patch’s parameter -
Y= 3(ARi/4)" (5)
where Ro is the patch radius and A is the barrier
height reduction at the M-S interface. R« is the
series resistance of the patch, whose value is much
larger than R. due to the pinch-off effect around
the patch. The total current is the sum of 7, and the
current obtained from Eq. 1. Figure 3 shows the
fitting curves with the parameters that ¥= 4. 4 X
10 ‘em™ V" and Ru= 5X 10°Q. In the high bias

region, the patch current than

2/3

is smaller the
current through the whole junction due to the large
local series resistance of the patch. There exists a
critical bias. at which the patch current equals to
the whole junction current. With the temperature
increasing, the critical bias decreases. Above 180K,
the patch current is negligible, and the /¥ curves
at the whole bias can be described by Eq. 1 alone.
1077,

02
0.0 0.1 0.2 0.3 0.4 0.5
VoltageV
FIG. 3 Experimental and T heoretical -V

characteristics at Low Temperatures for Above
Epitaxial CoSi ( 11 1)/Si(111) Diode T he
dotted curves show a patch current and the solid

curves are the total current.

The diode has also been measured by CV at
the frequency of 100kHz and 500kHz. However, the
0[ I/CE_Vr

significantly in the large reverse bias (V:) region.

plot deviates from the linearity

The barrier height can only be deduced from the
small reverse bias region, thus the deduced values
of @7, from 0.57 to 0.64eV, have a relatively
T aking
inhomogeneity into account, the results are in
v

large  error. the  barrier  height

with  those deduced from

2]

agreement
characteristics'' Moreover, the barrier height
deduced from C-¥ increases slightly with the
temperature decreasing. However, the relatively
large experimental error of @' makes it impossible
to obtain a significative temperature coefficient of
.

The other two epitaxial CoSiz/n-Si ( 111)
diodes, formed by annealing for Imin at 800C and
900C respectively, have also been studied, with
similar /¥ and C¥ characteristics obtained. T he
barrier height deduced from the room temperature
[V curve is about 0. 54eV for the sample annealed
at 800C and 0.60eV for the one annealed at
900°C. The CV

increase in the barrier height with the increase of

results also show the slight
the annealing temperature.
On the other hand, the barrier height of a

CoSi/n8i ( 111)

independent on its annealing temperature. The

polyerystalline diode is

barrier height deduced from the room temperature
I curve 0.57eV for both samples
annealed at 800°C and 900°C respectively. The
polyerystalline CoSi2/Si diode of 0.008cm’ in size

is about

will be analyzed in details below, which is formed
by Co(20nm)/Si(111) with the final annealing at
800°C. Figure 4 (a) displays its forward -V
characteristics at temperatures from 92K to 291K.
The theoretical fitting curves are the sum of two
components: lwa = [w + [pua, where In is the
the

Gaussian distributed barrier height and [yuen is a

current through whole junction with a
patch current. Similar to the epitaxial CoSi>/Si
(111) diodes mentioned above, the experimental /-
V' characteristics at the whole bias can be fitted
over the whole temperature region. In the small
bias region and at low temperatures, the patch

current dominates. The patch parameter deduced
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from the fitting is: ¥= 4.05 X 10" *em™ V", At
high temperatures or in the large bias region but at
low temperatures, the current through the whole
junction dominates. The apparent barrier height
and the apparent ideality factor are displayed in

Fig. 4 (b) as a function of the reciprocal
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FIG.4 Results of Polyerystalline CoSi2/Si( 111) Diode

temperature. From the least square linear fitting of
both plots of @ =1/T and 1/n-1/T, the mean of
barrier height, the standard deviation and their bias
coefficients are obtained as: ; = 0.69V, s =

0.07eV, Pi= = 0.2 and P2= — 0. 06, respectively.
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(a) Forward Experimental -V Characteristics ( Symbols) and

Calculated Ones (Solid Curves): (b) Apparent Barrier Heights and Ideality Factors as a Function of

Reciprocal Temperature and Their Linear Fittings

The barrier height of the epitaxial CoSi2/Si
(I111) diodes is slightly lower than that of the
polycrystalline ones. Similar phenomenon is also
observed for the CoSi>/Si( 100) diodes. It can been
attributed to the Ti incorporation in the CoSi2-Si
contact during the TIME process'”. It is known
that Ti/Si or TiSi2/Si contact has a lower barrier
height than CoSi2/Si contact''”. With the annealing
temperature of the Co/Ti/Si system increasing, the
Ti concentration in the CoSix/Si interface is
reduced, thus the barrier height increases slightly.
Compared with our previous study on CoSi2/Si
( 100) diodes'™™, the barrier height of CoSi:/Si
(111) is lower than that of CoSiz/Si( 100) diodes.
[t reveals that the barrier height depends on the
orientation of the CoSi: structure, which is in
agreement with the /-¥ measurements on the MBE
growth CoSi»/Si diodes reported by Jimenez et
al.'” and the BEEM measurements reported by

- . . 10
Sirringhaus et al.'".

4 Conclusion

The forward IV characteristics of both
polycrystalline and epitaxial CoSi2/Si(111) diodes
are analyzed by using the combined model of the
Gaussian distribution model with the barrier
heights over the whole junction and the pinch-off
model with the low barrier height patch. The
epitaxial CoSi2( 111)/Si( 111) has a lower barrier
height than the polyerystalline ones. It is attributed
to the Ti incorporation into the CoSi2-Si interface
during the solid state reaction of the Co/Ti/Si
system as well as the dependence of the barrier
height on the orientation of the CoSi2 layer. The
CoSiz(111)/Si( 111) contact has a lower barrier
height than other orientations on Si substrate.
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