
Electronic Materials Letters, Vol. 3, No. 2 (2007), pp. 57-62

Effect of Heavy Arsenic Doping on the In-situ Growth of Epitaxial CoSi2
on (100) Si Using Reactive Chemical Vapor Deposition
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A CoSi2 layer was grown in-situ on heavily arsenic-doped Si by reactive chemical vapor deposition of a
Co(η

5
-C5H5)(CO)2 precursor at 650

o
C. The nucleation and growth mechanism were investigated in comparison

with those on undoped Si. In the initial deposition stage, discrete CoSi2 plates with a large area of the {111}
coherent planes were nucleated with a deeper penetration depth and a higher density of twinned structure
compared to the plates on undoped Si. A thicker CoSi2 layer is necessary for an epitaxial layer with uniform
thickness on the heavily arsenic-doped Si. Analyses of the X-ray rocking curve and residual stress indicated
that the high As concentration in CoSi2 reduced the lattice mismatch between Si and CoSi2 and reduced
the lattice strain.
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1. INTRODUCTION

The self-aligned silicide (salicide) process has been used

for gate, source, and drain contact metallization in micro-

electronics devices. Among leading silicides, CoSi2 is the

most promising due to its low resistivity and line-width-

independent sheet resistance. Epitaxial CoSi2 layers, as

opposed to polycrystalline CoSi2 layers, are of special inter-

est due to their enhanced thermal stability and shallow junc-

tion formation using a silicide-as-doping-source (SADS)

process. Due to the small lattice mismatch (-1.2%) with

respect to Si and due to its similar crystal structure (CaF2

structure), CoSi2 can be epitaxially grown on Si substrates.

Several growth techniques including titanium interlayer-

mediated epitaxy, oxide-mediated epitaxy, CoCx-mediated

epitaxy have been introduced to produce the CoSi2/Si hete-

roepitaxy structure
[1-3]

. In addition, a uniform epitaxial CoSi2

layer of good quality can be grown in-situ on a (100) Si sub-

strate heated above 600
o
C by controlling the Co flux in a

simple metal-organic chemical vapor deposition (MOCVD)

reactor
[4]

. In this case, a very thin carbon interlayer acts as an

interlayer that suppresses the supply of Co from the gas

phase. Recently, it was found that an in-situ grown CoSi2

layer is thermally stable at much higher temperatures than a

layer formed by a conventional Co/Si solid-state reaction
[5,6]

.

In the salicide process, silicides are grown on heavily

doped source/drain regions and polycrystalline silicon gates.

Little data is available on the effect of dopants during the

growth of CoSi2. In-situ monitoring of the emissivity during

the Co/Si reaction on heavily arsenic-doped Si has indicated

that arsenic retards the nucleation of polycrystalline CoSi2
[7]

.

No report has been published regarding the effect of the

arsenic dopant on the epitaxial growth of CoSi2. In the

present study, the growth behavior of epitaxial CoSi2 layers

on heavily arsenic-doped Si by reactive chemical-vapor dep-

osition was investigated in relation to undoped Si.

2. EXPERIMENTAL

P-type (100) Si wafers with a resistivity of 5-8 Ω · cm and

heavily arsenic-doped (100) Si wafers were used as sub-

strates. Arsenic was implanted at a dose of 6×10
15 

/cm
2
 at 40

keV with a 10 nm thick screen oxide. Following ion implan-

tation, furnace annealing was carried out at 900 °C for 20

min in N2 to activate arsenic and recover implant damage.

The Si wafers were cleaned in a H2SO4/H2O2 solution, rinsed

in de-ionized water, dipped in HF(1%), rinsed again in de-

ionized water, and then loaded into an MOCVD reactor. The

Co was supplied to the Si substrate heated to 650
o
C using

cyclopentadienyl dicarbonyl cobalt, Co(η5
-C5H5)(CO)2, at

100 mTorr with 10 sccm H2 carrier gas. The temperature of a

bubbler was held at -3
o
C to reduce the vapor pressure.

The crystal structure and microstructure of the samples

were investigated using X-ray diffraction (XRD) and trans-

mission electron microscopy (TEM), respectively. The*Corresponding author: btahn@ kaist.ac.kr
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arsenic dopant distribution was investigated using second-

ary-ion mass spectrometry (SIMS). The lattice parameter of

the CoSi2 layer was analyzed by an X-ray rocking curve

using high-resolution X-ray diffraction (HRXRD). The

residual stress of the as-deposited film on Si was examined

by measuring the radius of curvature using a stress gauge

(Tencor FLX-2320).

3. RESULTS AND DISCUSSIONS

Figure 1 shows the XRD patterns of the samples as-depos-

ited at 650
o
C for 15 min from the Co(η5

-C5H5)(CO)2 precur-

sor on (a) undoped Si and (b) heavily arsenic-doped Si. Only

CoSi2 (200) and Si (200) peaks exist. Other peaks such as

CoSi2 (111) and (220) were not found. It is seen that a CoSi2

layer with strong (100) preferred-orientation was grown by

the reaction between Co and Si on both substrates. The peak

intensity of CoSi2 (200) on heavily As-doped Si is weaker

than that on undoped Si.

The formation of CoSi2 plates in the initial deposition

stage was investigated using a TEM plan-view and a cross-

sectional view. Figure 2 shows plan-view bright-field TEM

Fig. 2. Plan-view bright-field TEM micrographs and cross-sectional TEM micrographs of samples deposited at 650
o
C for 5 min on (a, c)

heavily As-doped Si and (b, d) undoped Si.

Fig. 1. XRD patterns of samples deposited at 650
o
C for 15 min from

Co(η
5
-C5H5)(CO)2 on (a) heavily As-doped Si and (b) undoped Si.
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micrographs as well as cross-sectional TEM micrographs of

the samples deposited at 650
o
C for 5 min on (a, c) heavily

As-doped Si and (b, d) undoped Si. In Figs. 2a and 2b, two-

dimensionally elongated CoSi2 islands are formed and

aligned along the <011> directions on a (100) Si plane. The

CoSi2 nuclei grew as long rods with two different orienta-

tions. At the initial deposition stage, the sizes of the CoSi2

plates on the heavily As-doped Si were observed to be larger

than those on undoped Si. The density of the CoSi2 nuclei on

the heavily As-doped Si is similar to that on the undoped Si.

In Figs. 2c and 2d, the CoSi2 plates grew along the <112>

directions with large {111} interfaces. The maximum depths

of the CoSi2 plates along the [100] direction on heavily As-

doped Si and undoped Si are approximately 46 nm and about

25 nm, respectively. Plate-shaped CoSi2 nuclei appear when

grown by carbon-mediated growth, while a continuous layer

of CoSi2 nuclei appears when grown by CoNx-mediated

growth
[8,9]

.

Figure 3 shows (a) the selected-area-diffraction-pattern

(SADP) and (b) its schematic representation for a sample

deposited at 650
o
C for 5 min on heavily As-doped Si along

the [011] zone axis. The SADP shows an orientation rela-

tionship of CoSi2[011]⎟⎜Si[011], excluding the extra spots

that exist at the 1/3 position from the main diffracted Si

spots. The extra spots are thought to originate from the

twinned structure (type-B) of the CoSi2 plates. Type-B CoSi2

is rotated 180
o
 about the surface normal <111> axis com-

pared to CoSi2 with the same orientation as the Si substrate

(type-A)
[10,11]

.

Figure 4 shows plan-view dark-field TEM micrographs

obtained with the CoSi2 (002) diffraction spot and their

SADPs along the [100] zone axis of the samples grown at

650
o
C with 5 min of deposition on (a) heavily As-doped Si

and (b) undoped Si. The diffraction spots from CoSi2 and Si

in the SADP nearly coincide with each other, with the excep-

tion of the CoSi2 {002} spot. In the dark-field image

obtained with the CoSi2 (002) diffraction spot along the

[100] zone axis, only the type-A CoSi2 appears bright,

whereas the type-B CoSi2 does not. From a comparison of

the dark-field images, the density of the type-A CoSi2 on the

heavily As-doped Si was found to be smaller than that on

Fig. 3. (a) Selected-area-diffraction-pattern and (b) its schematic rep-
resentation for a sample deposited at 650

o
C for 5 min on heavily As-

doped Si along the [011] zone axis. 

Fig. 4. Plan-view dark-field TEM images obtained with CoSi2 (002)
diffraction spot and their SADPs along the [100] zone axis of the
samples grown at 650

o
C for 5 min deposition on (a) heavily As-

doped Si and (b) undoped Si.
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undoped Si. As the densities of the CoSi2 nuclei on the

heavily As-doped Si and undoped Si are similar, it can be

said that the type-B CoSi2 plates are dominantly nucleated

on the heavily As-doped Si.

A high-resolution TEM (HRTEM) image along the [011]

zone axis was taken to investigate the coherency at the inter-

face of CoSi2/Si of the as-deposited sample at 650
o
C with 5

min of deposition on the heavily As-doped Si. The lattice

image in the HRTEM image shown in Fig. 5 shows that the

CoSi2 plate has coherent {111} interfaces. Both type-A

CoSi2 and type-B CoSi2 are shown in the HRTEM image.

Moiré fringes, originating from the lattice rotation often

observed in epitaxial growth, were also found in the over-

lapped region of the CoiSi2 nuclei.

Figure 6 shows cross-sectional TEM micrographs of sam-

ples deposited at 650
o
C for (a) 15 min, and (b) 25 min on

heavily As-doped Si, and for (c) 15 min on undoped Si.

After deposition for 15 min, the CoSi2 layers are continuous

on both substrates. After deposition for 25 min on heavily

As-doped Si, a CoSi2 layer approximately 46-nm thick was

grown with a large flat (100) interface with a protrusion

approximately 75-nm thick. On the heavily As-doped Si, the

formation of a uniform CoSi2 layer required a larger CoSi2

thickness. In addition, deeper protrusions exist during the

formation of a uniform layer.

The diffraction spots from CoSi2 and Si in the SADP at the

CoSi2/Si interface for the sample deposited for 25 min on

heavily As-doped Si nearly coincide with each other, apart

from the extra spots, indicating that the CoSi2 layer was epi-

taxially grown on heavily As-doped Si. On the undoped Si,

the type-B CoSi2 disappears and only the type-A CoSi2

exists
[4]

. However, the type-B CoSi2 still exists on heavily

As-doped Si, as shown in the SADP in Fig. 6b.

Figure 7 shows the SIMS As profile for a sample with a

CoSi2 layer grown at 650
o
C for 25 min on heavily As-doped

Si. The As concentration at the CoSi2/Si interface is nearly

1.1×10
21

/cm
3
, which is higher than the original As concen-

tration (8.0×10
20

/cm
3
) in Si, indicating that a pile-up of As

atoms in the region near the CoSi2/Si interface occurs. Man-

Fig. 5. HRTEM micrograph along the [011] zone axis of a sample
deposited at 650

o
C for 5 min on heavily As-doped Si.

Fig. 6. Cross-sectional TEM micrographs of samples deposited at
650

o
C for (a) 15, (b) 25 min on heavily As-doped Si and (c) 15min

on undoped Si. 
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gelinck et al. reported that the solid solubility of As in a

CoSi2 is lower than that in Si
[12]

. The As atoms are pushed

away from CoSi2 into the Si region during the growth of

CoSi2 due to the difference in the solid solubility. The diffusiv-

ities of the As atoms in CoSi2 and Si at 650
o
C are 7.1×10

-18

and 9.4×10
-22

cm
2
/s, respectively

[12,13]
. As the diffusivities

are too small to be at equilibrium in Si, the As concentration

near the CoSi2/Si interface increases. The high As concentra-

tion in CoSi2 near the interface may cause a more significant

increase of CoSi2 lattice parameters compared to Si, as the

lattice parameters of CoSi2 are smaller than Si.

Figure 8 shows the X-ray rocking curves for the samples

deposited at 650
o
C for (a) 5 and (b) 15 min on heavily As-

doped Si and undoped Si. In Fig. 8a, a weak CoSi2 (400)

peak to the right of the Si (400) peak appears broadly on

undoped Si after deposition at 650
o
C for 5 min. However, a

CoSi2 (400) peak rarely exists on heavily As-doped Si. Type-

B CoSi2 does not have a CoSi2 (400) plane parallel with the

(400) plane of the (100) Si substrate. Therefore, from a com-

parison of the CoSi2 (400) peak intensities of the X-ray rock-

ing curves, said it is clear that the density of the type-B CoSi2

plates on heavily As-doped Si is much higher than that on

undoped Si. This result is in good agreement with the result

of the dark-field TEM micrograph shown in Fig. 4.

In Fig. 8b, a CoSi2 (400) peak of a sample grown at 650
o
C

for 15 min on heavily As-doped Si appears farther away

from the Si (400) peak than that of the sample grown on

undoped Si. This indicates that the lattice parameter of CoSi2

along the [100] direction becomes smaller on heavily As-

doped Si. If a partially strain-relaxed layer is assumed
[14]

, the

lattice constants of CoSi2 on the (100) plane increase as the

lattice constant of CoSi2 decreases along the [100] direction.

It appears that the lattice constants of CoSi2 on the (100)

plane increase more significantly with the high concentra-

tion of As in CoSi2. However, the lattice constant of Si rarely

changes with the high concentration of As in the Si, as seen

in the Si (400) peaks. Therefore, the lattice parameters of

CoSi2 on the (100) plane are larger on heavily As-doped Si,

and the in-plane lattice mismatch on heavily As-doped Si is

smaller than on undoped Si.

The residual stress of the films was examined by measur-

ing the radius of curvature using Stoney’s equation:
[15]

σ = [E/(1−ν)]Si ⋅ ts
2 
/ 6 tf (R

-1−Ro
-1
).

Here, σ is the stress, E is the Young’s modulus, ν is Pois-

son’s ratio, ts is the thickness of the substrate, and tf is the

thickness of the film. R and R0 are the radii of the curvature

of the substrate after and before film formation, respectively.

Due to the large difference in the thermal-expansion coeffi-

cients of CoSi2 (9.4×10
-6
 K

-1
) and Si (2.3×10

-6
 K

-1
) and the

Fig. 7. SIMS depth profile of As for sample with CoSi2 layer grown
at 650

o
C for 25 min on heavily As-doped Si.

Fig. 8. X-ray rocking curves for samples deposited at 650
o
C for (a) 5

and (b) 15 min on heavily As-doped Si and undoped Si.
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difference in the volume of CoSi2 and Si, residual stress in

the CoSi2 layer usually becomes tensile at room

temperature
[16]

.

Table 1 shows the residual stress of the CoSi2 layers grown

on heavily As-doped Si and undoped Si. After deposition at

650
o
C for 15min, the residual stress of the CoSi2 layer is ten-

sile on both substrates. The stress value on heavily As-doped

Si is approximately 1.89 GPa, which is higher than that on

undoped Si. To investigate the effect of stress on the CoSi2

nuclei in the initial deposition stage, the residual stress was

measured after deposition at 650
o
C for 7 min. The CoSi2

plates were found to be discrete after deposition for 7 min.

Although the CoSi2 plates are not continuous, the CoSi2 and

Si matrix are assumed to be a layer, and the thickness is the

maximum growth depth of the CoSi2 plate from the TEM

micrograph. As the stress value in the initial deposition stage

was calculated using this assumption, the absolute value of

the stress could not be correct but the tendency could be cor-

rect. The residual stress of the (CoSi2 + Si)-mixed layer of

the sample deposited at 650
o
C for 7 min for heavily As-

doped Si was compressive, while that for undoped Si was

tensile. In the initial deposition stage, compressive stress on

heavily As-doped Si can result from an increase in the aver-

age volume of CoSi2 molecules with existence of As atoms

in the CoSi2 layer. The volume increase of CoSi2 molecules

can reduce the lattice mismatch between CoSi2 and Si, caus-

ing a reduction of CoSi2/Si interfacial energy and a reduction

of strain energy. The reductions in the interfacial energy and

strain energy can result in an increase in the penetration

depth of CoSi2 plates along the <112> direction on heavily

As-doped Si, as shown in Fig. 2.

4. CONCLUSIONS

The nucleation and growth mechanism of an epitaxial

CoSi2 layer grown in-situ on heavily As-doped Si by reac-

tive chemical-vapor deposition of Co(η5
-C5H5)(CO)2 was

investigated. In the initial deposition stage, discrete CoSi2

plates on heavily As-doped Si were nucleated with a deeper

penetration depth. In addition, they had a higher density of

type-B CoSi2, compared to plates on undoped Si. A thicker

CoSi2 layer is necessary for an epitaxial layer with uniform

thickness on heavily As-doped Si. From analyses of the X-

ray rocking curve and residual stress, it was shown that As

atoms in the CoSi2 reduced the lattice mismatch and the lat-

tice strain between Si and CoSi2.
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Table 1. Residual stress of the CoSi2 layers grown on heavily As-
doped Si and undoped Si                                                      (unit: MPa)

Substrate Deposition 

condition

heavily

As-doped Si
undoped Si

650
o
C, 17 min

376

(compressive)

742

(tensile)

650
o
C, 15 min

1891

(tensile)

963

(tensile)


