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This paper reports that the Schottky barrier height modulation of NiSi/n-Si is experimentally investigated by

adopting a novel silicide-as-diffusion-source technique, which avoids the damage to the NiSi/Si interface induced from

the conventional dopant segregation method. In addition, the impact of post-BF2 implantation after silicidation on the

surface morphology of Ni silicides is also illustrated. The thermal stability of Ni silicides can be improved by silicide-

as-diffusion-source technique. Besides, the electron Schottky barrier height is successfully modulated by 0.11 eV at a

boron dose of 1015 cm−2 in comparison with the non-implanted samples. The change of barrier height is not attributed

to the phase change of silicide films but due to the boron pile-up at the interface of NiSi and Si substrate which causes

the upward bending of conducting band. The results demonstrate the feasibility of novel silicide-as-diffusion-source

technique for the fabrication of Schottky source/drain Si MOS devices.
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1. Introduction

With the aggressive scaling down of the feature
size of MOSFET, Schottky barrier source/drain struc-
ture has been considered as one of the most promis-
ing candidates for deca-nano scale regime to overcome
the scaling limit of conventional MOSFETs.[1−5] The-
oretical studies have demonstrated that an extremely
low Schottky barrier height (Φb) is needed for SB-
MOSFETs to outperform the conventional MOSFETs
with p–n junctions of heavily doped S/D.[6] Various
solutions have been proposed to reduce the Schot-
tky barrier height for electron and hole, respectively,
such as complementary silicides using ErSix/YbSix for
NMOS and PtSi for PMOS,[3,7,8] inserting a thin in-
sulating layer between metal and Si,[9] using Se and S
to passivate the surface states of Si.[10,11] These solu-
tions will complicate the fabrication process and the
modification of device processing is not recommended.
The reliability and reproductivity are also key issues
for mass production and surface-state passivation has

only been shown to lead to a reduced Φb for electron.
Furthermore, no single silicide can meet the low Φb re-
quirement for both conduction carriers.[3,12] Recently,
dopant segregation (DS) technique has attracted much
more attention due to its compatibility with standard
CMOS process and demonstrated its feasibility to ef-
fectively reduce the SB height to both electrons and
holes without the use of exotic materials.[13−15] How-
ever, the traditional DS technique, that is dopant im-
plantation before silicidation, will induce the damage
to the semiconductor surface and in turn degrade the
characteristics of Schottky diodes. So a novel SADS
(Silicide As Diffusion Source) method is proposed to
solve this problem in this paper, which is rarely re-
ported. The modulation of Schottky barrier height
is experimentally demonstrated. Besides, the thermal
stability of nickel silicides has been a concern for de-
vice fabrication.[16] It is first observed that the surface
morphology of nickel silicides can be greatly improved
by adopting SADS technique.
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2. Fabrication process and exper-

iments

Figure 1 shows the main process flow of novel
SADS NiSi/n-Si diode fabrication. A 3000 Å
(1 Å=0.1 nm) thick SiO2 isolation layer is deposited
by plasma enhanced CVD on lightly doped n-type
Si (100) substrates. Lithographic process and reac-
tive ion etching (RIE) are used to define the contact
pattern. A 350-Å thick nickel layer is deposited, fol-
lowed by rapid thermal annealing (RTA) performed at
600 ◦C for 60 s in N2 ambient. Unreacted nickel is se-
lectively etched using a diluted HF solution. Then,
BF+

2 ions with 33 keV are implanted at a dose of
5×1013, 1014 and 1015 cm−2, respectively, followed
by drive-in annealing at 650 ◦C for 10 s in N2 am-
bient. In addition, the controlled sample without BF2

implantation is also fabricated for comparison.

Fig.1. The main process flow of novel SADS NiSi/Si diode

fabrication.

The current-voltage curves of NiSi/Si Schottky
diodes are measured at room temperature using the
HP 4156 semiconductor parameter analyzer. Micro-
Raman spectroscopy is used to determine the phase
and composition of the doped nickel silicides. Sec-
ondary ion mass spectroscopy (SIMS) is adopted to
illustrate the depth profile of boron dopant. Scanning
electron microscope (SEM) is carried out to study the
morphology of the films.

3. Results and discussion

First, we investigate the impact of BF2 post-
implantation after silicidation on the surface morphol-
ogy of nickel silicides. The thermal stability of NiSi
films has been a concern for the device fabrication.

Figure 2 illustrates the SEM images of nickel silicides
formed without/with BF2 post-implantation after sili-
cidation at different doses. From Fig.2, the surface
of the films is rather rough for the samples without
ion implantation after silicidation, while the surface
morphology of the films is greatly improved and no
agglomeration is observed in the case with BF2 im-
plantation. It is probably due to fluorine which can
retard nickel silicide film’s agglomeration.[17] The re-
sult indicates that this SADS technique can improve
the stability of nickel silicides films and is favorable for
the fabrication of Schottky source/drain MOS devices.

Figure 3 demonstrates the current-voltage curves
of NiSi/Si Schottky diodes as a function of implan-
tation dose. The reverse current decreases with the
increase of boron dose, approximately two orders of
magnitude lower at a dose of 1015 cm−2 in compari-
son with the sample without BF2 implantation, which
indicates the increase in Φbn. Using thermionic emis-
sion model for the forward bias I–V characteristics,
the current equation can be written as

I = AA ∗ T 2 exp
(−qΦb

kT

)
· exp

(
q(V − IR)

nkT
− 1

)
,

where A is the diode area, A∗ the effective Richard-
son constant (approximately 112 A/cm2K2 for n-Si),
T the temperature in Kelvin, k the Boltzmann con-
stant, Φb the Schottky barrier height, n the ideality
factor, and R the series resistance. The Φbn is ex-
tracted from the I–V curves according to Cheung’s
method.[18] Figure 4 shows the implanted boron dose
dependence of the extracted Schottky barrier height
(Φbn) and the modulation of Schottky barrier height
(∆Φbn) of the Ni silicide/n-Si diodes. The circle and
triangle symbols stand for Φbn and ∆Φbn, respectively.
The Φbn is 0.66 eV for the samples without BF2 im-
plantation. With the increase of dose, the Φbn in-
creases to 0.77 eV at the dose of 1015 cm−2. The
modulation of Schottky barrier height is successfully
realised by SADS technique. The ∆Φb can reach to
∼0.11 eV in comparison with the undoped sample and
shows strong dependence on implantation dose. The
successful modulation of Φbn demonstrates the feasi-
bility of SADS technique in NiSi/Si Schottky diodes
and Schottky source/drain devices. The modulated
value can be further improved by optimizing the pro-
cess conditions. Besides the dose, the post annealing
condition after implantation is also a key factor. The
annealing temperature and time are fixed in this pa-
per. Further optimization is under investigation and
better results can be expected.
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Fig.2. The SEM images of nickel silicides with/without (w/o) BF2 post-implantation (a) and

with BF2 implantation at different doses ((b), (c), (d)).

Fig.3. The I–V characteristics of NiSi/n-Si Schottky

diodes fabricated by SADS technique as a function of BF2

implantation dose. The area is 450×450 µm2.

Fig.4. The Φb and ∆Φb of NiSi/n-Si Schottky diodes as

a function of implantation dose. The circle and triangle

symbols stand for the extracted Φbn and ∆Φbn, respec-

tively.

Micro-Raman spectroscopy was performed to de-
termine the material phase, which is a very powerful
technique for phase identification. Figure 5 demon-
strates the Raman spectra of the samples with and
without BF2 implantation. For all the samples, two

major peaks at 195 cm−1 and 215 cm−1 are observed,
with minor peaks at 255, 293, and 364 cm−1. It is
well known that the peaks at 195 and 215 cm−1 are
the typical Raman peaks corresponding to NiSi phase,
and the other three minor peaks are also attributed to
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NiSi.[19,20] The Raman results suggest that no phase
change occurs for all the analyzed samples. Thus, the
possible impact of phase change on the change of SBH
is excluded.

Fig.5. Raman spectra of nickel silicides with/without

(w/o) BF2 implantation after silicidation at different

doses.

Fig.6. The depth distribution of boron in the samples

with different implantation dose measured by SIMS.

Figure 6 gives the depth distribution of boron in
the samples with different implantation dose measured
by secondary ion mass spectroscopy (SIMS). During
the subsequent drive-in annealing, dopants are driven
out of the silicides and become piled up at the sili-
cide/silicon interface. From Fig.6, the boron pile-up

is formed at the NiSi/Si interface during the annealing
process, although the boron concentration is not high
enough. The low boron concentration is due to the rel-
atively low annealing temperature as discussed above,
which cannot effectively induce more boron pile-up at
the interface. The boron pile-up at the NiSi/Si in-
terface causes the upward bending of the conduction
band, as illustrated in Fig.7, which results in the in-
crease of the effective Φbn. The higher tempearature
is, the sharper conduction band and the higher Φbn

are.

Fig.7. Schematic diagram of the energy band bending

induced by dopant pile-up at the silicide/silicon interface.

4. Conclusions

The Schottky barrier height modulation of
NiSi/n-Si by novel SADS technique is demonstrated
in this paper. The electron Schottky barrier height
is successfully modulated by 0.11 eV at a boron dose
of 1015 cm−2 in comparison with nonimplanted sam-
ples. No phase change is observed in the Ni silicide
films after BF2 implantation with different dose. The
modulation of SBH is attributed to upward bending of
conduction band induced from the dopant pile-up at
the silicide/Si interface. Besides, the surface morphol-
ogy of nickel silicides is greatly improved for the BF2

doped samples after silicidation. The results indicate
that the SADS technique is feasible for the fabrication
of Schottky source/drain Si MOS devices.
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