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Secondary ion emission was enhanced by electron beam in a typical secondary ion mass spectrometry
(SIMS) operation, which was demonstrated using the shallow p/n junction implanted with BF,* ions of a
dosage of 2.3 x 10" cm~2 at 20 keV. In the SIMS mass spectra measurements, the 1°F* signal is enhanced
by 39 times at an electron beam current of 100 pA. In contrast, the 'B* signal is slightly enhanced by a
factor of ~50%. In order to characterize the spatial distribution of secondary ions along the surface normal
direction, the energy spectra of °F*, 'B* and 3°Si* ions were measured by altering the sample potential
by +50V (relative the original sample bias 2KkV). The energy spectra reveal that most °F* ion signal
is generated by electron beam stimulated desorption on the sample surface and some by the electron
induced post-ionization in the gas phase above the sample surface. In contrast, only small enhancements
of "B* and 3°Si* occur on the sample surface. No "'B* and 3°Si* ions are generated in the gas phase above
the sample surface. The enhancement of "'B* increases linearly with electron beam current based on
the depth profile data of "'B*. This supports the occurrence of Penning ionization for ''B* on the sample
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surface. The ionization enhancement of ''B* is dominated by oxygen radicals O,".

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Secondary ion mass spectrometry (SIMS) has attracted much
attention in the electronic industry due to the ultra-low detection
limit. SIMS is currently the most appropriate tool to measure the
depth profiles of dopants in electronic devices. The sensitivity of
SIMS is directly correlated to the secondary ion emission yields
of chemical elements that are usually enhanced by optimizing
instrumental parameters such as primary beam species, primary
beam energy, and angle of incidence. In order to further enhance
SIMS sensitivity, other techniques such as post-acceleration,
post-ionization and gas flooding have been investigated. Post-
acceleration is applied to accelerate secondary ions to increase
the count rate especially in the regime of low ion energy.[1] Post-
ionization is used in the Secondary Neutral Mass Spectrometry
(SNMS) to ionize neutrals sputtered out of the sample surface
by electrons [2] or laser [3-7] such that secondary ion yields are
enhanced. Gas flooding is performed by leaking a gas (O,, CF3,
CF,Cl, or CCly) to the sample surface during primary ion beam bom-
bardment. The positive secondary ion emission yields are enhanced
by chemical reactions because oxygen, fluorine or chlorine tends
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to form strong ion bonds by taking electrons out of matrix atoms
[8-10].

In this paper, the concept of post-ionization is applied to
enhance the SIMS sensitivity by the assistance of electron beam.
The electron beam, emitted from the electron gun that is usu-
ally equipped for charging neutralization, is incident directly onto
the sample surface during the O,* ion bombardment in a SIMS
operation. The "B*, 19F* and 30Si* ions are chosen to illustrate
the electron beam assisted ionization of the shallow p/n junction
implanted with BF,* ions of a dosage of 2.3 x 1015 cm~2 at 20 keV.
The dependence of ionization enhancement on chemical species
and related mechanisms will be addressed.

2. Experimental procedures

A P-type Si(100) wafer was implanted with BF,* ions at 20 keV
withadosage of2.3 x 101> cm~2. The as-implanted p-Si(1 0 0) wafer
was fed into a magnetic sector mass spectrometer (CAMECA IMS-
6f) in which an electron gun was equipped originally for charge
neutralization. The electron gun was tuned to supply energetic
electrons that were able to enhance the ionization yield dur-
ing the SIMS measurements. In order to eliminate the knock-on
effect, the primary impact energy, i.e., the energy of O,* ions was
kept at 2 keV that is approximately one half of the boron effec-
tive energy for the implantation of BF,* ions at 20keV [11-13].
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Fig. 1. Mass spectra of the shallow p/n junction implanted with BF,* at 20 keV with a dosage of 2.3E15 cm~2. (a) Electron gun off. (b) Electron gun on.

The O,* ion energy was set at 4keV and the sample was biased
at 2kV in order to keep the incident angle of the O,* primary
ions around 45° from surface normal [14,15]. All the mass spec-
tra were taken at a raster area of 250 um x 250 wm at ~35nA.
The secondary ions were collected from a circular area of 40 pum
in diameter within the raster area. In the depth profile measure-
ments, the primary O,* ion beam was scanned across a raster area
of 150 wm x 150 wm at ~35nA. The electron gun was biased at
—4.5kV such that the energy of electrons was 6.5 keV relative to
the sample. The electron beam current varying from O to 180 pA
was incident normally onto the sample surface in the depth profil-
ing. A series of 11B* depth profiles were taken to characterize the
enhancement of ionization efficiency by the assistance of electron
beam.

In order to characterize the spatial distribution of secondary
ions along the surface normal direction, the energy spectra of 1°F*,
11B* and 39Si* ions were measured by altering the sample poten-
tial £50V relative to the original sample bias (2 kV). In order to

improve the accuracy of energy distribution of sputtered ions in the
SIMS measurements, a smaller field aperture (75 um) in the extrac-
tion electrode was selected in order to obtain a smaller acceptance
angle such that the energy dispersion of ions after acceleration in
the electric field can be reduced. The sample bias was lowered from
4.5kV (normal value) to 2 kV. The secondary Si* ions of high inten-
sity were used to calibrate the origin of ion energy in the energy
spectra. The ion energy passing through electrostatic sector ana-
lyzer (ESA) was set to 2 kV and the resolution of ion pass energy was
~5.5eV. The energy-selective slit following the ESA was moved to
an optimum position to maximize the intensity of Si* ions at a sam-
ple bias of 2 kV. The low energy edge of the energy spectrum of Si*
ions was then set to OeV. At this condition, the “negative” energy
in the energy spectra characterizes the initial kinetic energy of ions
on the surface. The “positive” energy in the energy spectra charac-
terizes the spatial position of the ions generated above the surface
since a uniform electric field is constructed between the extraction
electrode (0V) and the sample (2kV) [16].
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Fig.2. Energy spectraof 'B*, "9F* and 3°Si* from the BF,* implanted silicon wafer under different bombardment conditions: (a) electron bombardment, (b) O,* bombardment,
and (c) simultaneous O,* and electron bombardment. The electron bombardment is operated at 6.5 kV and 37 pA. The O,* bombardment is operated at 2 keV and 24 nA.
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3. Results and discussion
3.1. Mass spectra under O>* and O5* plus electron bombardment

Fig. 1(a) and (b) illustrate the "B* ion mass spectra of the
shallow p/n junction implanted with BF,* ions of a dosage of
2.3 x 10" cm~2 at 20 keV in a typical SIMS operation with electron
gun off and on, respectively. During the mass spectra detection, the
raster size is tuned to a larger size of 250 pm x 250 pm in order to
reduce the sputtering rate such that all the extracted signals are
approximately from the same depth inside the implanted sample.
The 19F* signal is enhanced by 39 times at an electron beam cur-
rent of 100 A, which is the most enhanced ion signal with electron
gun on. In contrast, the ''B* signal is slightly enhanced by a factor
of ~30%. The '9F* enhancement in Fig. 1(b) is a well known result,
which has been attributed to the electron stimulated desorption
process [17,18], illustrated by Lanzillotto and Magee in 1990.

3.2. Energy spectra under electron, O,*, and O," plus electron
bombardment

Fig. 2(a)-(c) show the energy spectra of 'B*, 19F* and
30sj* obtained under different bombardment conditions: electron
bombardment [Fig. 2(a)], Oo* bombardment [Fig. 2(b)] and simul-
taneous O,* and electron bombardments [Fig. 2(c)]. With electron
gun on only, a prominent '°F* signal appears in the energy spectra
in Fig. 2(a). This confirms that the occurrence of the enhancement
of 19F* by electron stimulated desorption. From a chemical per-
spective, a surface energy barrier exists for fluorine atoms before
desorption to occur. Note that the maximum peak of °F* occurs
at —5eV in Fig. 2(a), indicating that most '°F* ions right after des-
orption on the surface exhibit a kinetic energy of 5eV. The kinetic
energy plays a role for 1°F* jons to overcome surface energy barrier
and to escape from the sample. In a typical SIMS operation with O,*
bombardment on only, 1°F* ions exhibit narrower energy distribu-
tion than 1'B* and 39Si* ions. The maximum peaks of 1'B*, 1°F* and
30Si* jons appear at different “negative” energy positions, as shown
in Fig. 2(b). The energy required to overcome surface energy bar-
rier is 7 eV for 'B*, 5eV for 30Si*, and 3 eV for 19F* ions based on
the maximum peak positions. When the electron gun is turned on
during O,* bombardment, two new features appears in the energy
spectra in Fig. 2(c) due to the electron beam interaction. First, the
maximum position of the 19F* signal is back to —5 eV and is greatly
increased by ~45 times. According to the result in Fig. 2(a), the
maximum peak of °F* jons appears at —5 eV for electron stimu-
lated desorption. The great enhancement of 19F* at the origin is
thus attributed to electron stimulated desorption on the sample
surface. This supports that electron stimulated desorption domi-
nates the excitation process of 19F*. Second, a low energy tail of
19F* appears on the positive energy side in Fig. 2(c). The low energy
tail, which characterizes the intensity of ions at a position above the
sample surface, indicates that only '°F*, rather than !'B* and 3°Si*,
ions can be generated in the gas phase above the sample surface.
Very probably some quasi-molecules (e.g., SiF*) sputtered out of
the sample are further ionized by the assistance of electron beam,
which play arole in the ion enhancement of 1°F* [19]. The ionization
of fluorine neutral atoms in the gas phase above the sample surface
is excluded since the ionization potential of fluorine is higher than
that of boron and silicon. With regard to the enhancement of 1°F* in
Fig. 1(b), most ion signal is generated by electron beam stimulated
desorption on the sample surface and some by the post-ionization
of electron beam to form the low energy tail from gas phase in
Fig. 2(c).

Note that no "'B* and 30Si* ion signals appear in the low energy
tail in Fig. 2(c), equivalent to no 'B* and 39Si* ions generated from
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Fig. 3. Linear plot of the "'B* depth profile in a shallow p/n junction implanted with
BF,* at 20 keV with a dosage of 2.3E15cm~2. The electron beam energy is 6.5 keV
relative to the Si sample.

the neutral atoms (gas phase) above the sample surface. Moreover,
1B* and 39Si* ion signals slightly increase in intensity in Fig. 2(c).
The slight enhancement of 'B* and 39Si* in the mass spectra in
Fig. 1(b) is thus attributed to the ionization on the sample surface.

3.3. In-depth analysis under O,* and O," plus electron
bombardment

The slight enhancement of 'B* in Figs. 1(b) and 2(c) is pro-
posed as Penning ionization on the sample surface based on the
depth profile data. Fig. 3 shows the linear plot of the 'B* depth
profile for the shallow p/n junction implanted with BF,* ions of a
dosage of 2.3 x 101> cm~2 at 20 keV under different electron beam
current conditions. Two major features appear and are described
as follows. First, the depth profile of the 1! B* signal exhibits a tradi-
tional implantation shape. Second, the 11 B* signal increases linearly
with electron beam current. The increase of the 1'B* signal can be
quantified by the enhancement factor e (%) that is defined as:
e= =Mz 00y

hy
where h; is the enhanced signal with electron gun on and h; is the
signal with electron gun off [20]. The enhancement factor of the
1B* signal increases linearly with electron beam current, as shown
in Fig. 4. The enhancement factor increases up to 53% at an electron
beam current of 180 pA.
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Fig.4. Enhancement factor for the ' B* signal as a function of electron beam current
in the electron beam assisted ionization process.
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Fig. 5. Schematic diagram showing the ionization of ''B* by the Penning ionization mechanism induced by electron beam.

Based on the data in Fig. 2(b), only fluorine can be ionized on
and above the sample surface by electron beam. The ionization of
1B* directly by electron beam does not occur based on the energy
spectra in Fig. 2(a). The most probable reaction for electron beam
is to excite neutral atoms to their radical states in the gas phase
and on the sample surface during the incidence of electrons onto
the sample surface. O, is considered as the most probable neutral
atoms in the gas phase generated by the primary O,* ions in a SIMS
chamber based on two reasons. First, the re-sputtered oxygen can
be in the form of O, O, and O~ where the O~ ions cannot escaped
from the sample surface since the sample is biased at 2 kV. Second,
the lifetime of O, is much longer than O [21-24].

Considering the interaction among O,, matrix atom (M) and
electron beam (e~), electron beam can excite O, into O, radicals
and matrix atoms into M" radicals according to Egs. (1) and (2)
below.

Oy+e” — 0y +e” (M
M+e — M*+e” (2)

The reaction rate r; and r; are, respectively, expressed as

r =490 _yjoy)te)
ro= Dty tgge]

The generation rate of O, and M’ radicals, i.e., d[0,"]/dt and
d[M"]/dt, are proportional to electron beam current [e~].

The Penning ionization can well explain the depth profile data
of "B* in Fig. 3. The Penning ionization characterizes the reaction
involving O, radicals, which is sketched in Fig. 5 and is described
in the Eq. (3).

0*+M — O +M* +e, (3)

where O," denotes the oxygen radical, M the matrix atom, O, the
oxygen molecule, M* the ion from matrix, and e~ the electron. The
reaction rate r3 in the Eq. (3) is expressed as

d[M*]

dt

The generation of M* ion is proportional to the concentration of
0,". Taking into account the Egs. (1) and (3), the generation of M*
ion is proportional to electron beam current [e~]. This is in good
agreement with the depth profile data of 'B* in Fig. 3.

= k3[02*][M]

The other ionization process involving M" radicals is described
below [25,26].

M*+M* - Mt +M + e” (4)
The reaction rate r4 is expressed as

d[M*]
"= 4

= kg[M]?

The generation of M* ion is proportional to [M']?, equivalent to
[e7]%

Taking into account the Egs. (2) and (4), the generation of M* ion
is proportional to electron beam current [e~]2. The ionization pro-
cess involving M’ radicals is thus excluded since the enhancement
of 'B* in Fig. 4 is proportional to [e~].

The role of oxygen in the Penning ionization process is further
supported by the following experiment. In a SIMS operation, the
0,* primary ions are replaced by Cs* ions in the 1'B* depth profile
measurements for the shallow p/n junction implanted with BF,*
ions. No enhancement of ionization efficiency of 1 B* was observed.
This supports the role of oxygen in the Penning ionization process
for the ionization enhancement.

4. Conclusion

The secondary ion emission enhancement by electron beam
has been illustrated for the shallow p/n junction implanted with
BF," ions of a dosage of 2.3 x 10'> cm~2 at 20keV in a typical SIMS
operation. The ionization enhancement depends on the type of ion
species. Most 19F* ion signal is generated by electron beam stimu-
lated desorption on the sample surface and some by the electron
induced post-ionization in the gas phase above the sample surface.
In contrast, only small enhancements of 'B* and 3°Si* occur on
the sample surface. No 'B* and 30Si* ions are generated in the gas
phase above the sample surface. The enhancement of ' B* increases
with electron beam current, which is attributed to the Penning
ionization on the sample surface.
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