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The energy loss during the reflection of ions from a flat silicon surface at low incident angles and
the scattering angles after the reflection were indirectly investigated for incident ion energies lower
than 1 keV. Estimates of the energy loss during reflection from a flat silicon surface showed that
increases in the incident ion energy and the angle increased the energy loss during the reflection
from the reflector due to collisional energy loss. At an incident angle of 5°, the energy loss was
about 12 % of the incident energy. After reflection, more than 99 % of the ions were neutralized,
and the reflected atoms were scattered with a peak near a reflection angle of 10°, possibly indicating

particle reflection by elastic collision.
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I. INTRODUCTION

As the semiconductor device sizes become smaller,
electrical damage can be one of the most important is-
sue because charged particles may cause serious damage
to the device. As one of the methods to solve the prob-
lem, the generation of a neutral beam and the etching by
a neutral beam are being studied [1-9]. By using neu-
tral beam etching, the damage related to charging can
be eliminated because no ions participate in the etching
[10-12,17,18].

The neutral beams recently investigated for
anisotropic etching are generated by low-angle charge
exchange collision of an ion beam in the range from 1
to 500 eV with a flat surface. The characteristics of the
neutral beam formed after the charge-exchange collision,
such as the neutralization efficiency, the neutral beam
energy and its distribution, the scattering angle of the
neutral beam, etc., are important in nanoscale device
etching characteristics. When the ions are reflected
from the surface, due to the overlap of the electron
shell of the incident ions with the inner electron shell
of the surface, the ions lose energy and are neutralized
by the charge-exchange collision [13,14]. The reaction
phenomena between the surface and incident ions have
been mostly studied for incident ion energies ranging
from keV to MeV for ion implantation or surface
analysis [15,16]. However, incident energies less than 1
keV, which are important in the application of neutral
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beam etching, have not been investigated.

Therefore, in this study, the variations of the scatter-
ing angle and the energy loss after low-angle reflection of
a low-energy (<1 keV) ion beam from a flat surface have
been investigated using Do and SFg gases to understand
the characteristics of the neutral beams used in neutral
beam etching, which can be applied to various nanoscale
etching procedures without charging damage.

II. EXPERIMENTS

Figure 1 shows the schematic diagram of the appa-
ratus used to measure the energy loss and the scatter-
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Fig. 1. Schematic diagram of the experimental system for
the ion-beam reflection study.
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Fig. 2. SIMS depth profiles of deuterium ions or atoms on the silicon surface for various reflector angles for an incident ion
energy of (a) 1 kV, (b) 600 V and (c) 400 V. (acceleration voltage: 400 V, 600 V and 1 kV; rf power: 300 W; D, gas flow rate 15
sccm; implantation time: 30 min). (d) is the simulation result of the D" implantation depth for various acceleration voltages.

ing angle after low-angle reflection of the ions from a
flat surface. A 4-mm-diameter ion beam was formed
by forming a 6-inch-diameter ion beam using a 6-inch-
diameter inductively-coupled-plasma (ICP)-type ion gun
with three grids operated by using a 13.56-MHz radio-
frequency (rf) power, followed by passing the 6-inch-
diameter ion beam through a 4-mm-diameter stainless-
steel hole. The surface reflector was made of polished
silicon and the incident angle 6, where 90° — @ is the an-
gle between ion beam’s direction and silicon surface, was
varied from 5 to 20°.

Using the ICP ion gun and the apparatus described
above, we generated a 4-mm-diameter D™ (deuterium)
ion beam, which was reflected from a silicon reflector.
The neutralization efficiency of the reflected DT ion
beam was estimated using a Faraday cup by measur-
ing the ion current before and after the reflection and
was higher than 99 %. The (100) silicon samples with
30-A SiO, were located at an angle normal to the deu-
terium beam, and the implantation depth was measured
using a secondary ion mass spectrometer (SIMS, PHI

7200 TOF-SIMS). Using a TRIM code, we also estimated
the D* ion implantation depth. 3000-A-thick SiOs sam-
ples were located on a circular substrate holder at equal
distances from the reflection point, as shown in Figure
1, and the SiO, samples were etched using a SF, neu-
tral beam generated with SFg. The etch depths of SiO4
measured at the different positions along the substrate
holder of spherical-shell shape were used to estimate the
scattering angle and the flux of the neutrals after the
reflection at various angles.

III. RESULTS AND DISCUSSION

Figures 2(a)~(c) show the deuterium depth profiles af-
ter irradiation with a deuterium ion beam and the neu-
tral beam formed by the reflection at angles of 5 and
15° with energies of 400 V, 600 V and 1 kV, respec-
tively. The rf power to the ICP gun and the D5 gas flow
rate were maintained at 300 W and 15 sccm, respec-
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Table 1. Maximum implantation depth of the deuterium ions and atoms formed after the reflection of deuterium ions from
the reflector measured for various acceleration voltages and reflection angles. The process conditions are the same as those in

Figure 3.

Incidnet DT Implantation D" Implantation DT Implantation DT Implantation
beam depth (A) depth (A) depth (A) depth (A)
energy (V) (Simulation) (no reflection) (5° reflection) (15° reflection)
1000 430 486 433 368
600 310 321 294 276
400 240 233 212 186

tively. For comparison, the deuterium depth profiles in
the silicon for the same conditions were estimated by us-
ing the TRIM code, and the results are shown in Figure
2(d). As Figure 2(d) shown, the deuterium depth profile
showed a Maxwellian distribution, and the decrease in
the deuterium incident energy of about 200 V decreased
the penetration depth about 60 to 70 A. The TRIM re-
sults shown in Figure 2(d) can be compared with the
real deuterium depth profiles measured with SIMS for
the same deuterium ion energies of 1 kV, 600 V and 400
V in Figures 2(a), (b) and (c), respectively. As figures
shown, the deuterium penetration depth profiles could
be fitted with a Gaussian fitting, and the maximum im-
plantation depth was similar to the calculated maximum
penetration depth even though there was about a 10 %
difference for 1 kV.

However, as Figures 2(a)~(c) shown, after the reflec-
tion from the reflector, the deuterium penetration depths
decreased with increasing reflection angle, indicating en-
ergy loss during the reflection. A summary of the maxi-
mum deuterium depths of the deuterium ions into silicon
and those after the reflection from low-angle reflectors
is given in Table 1. From Figures 2(a)~(c), a decrease
in the penetrating deuterium flux can be also noticed
with increasing reflection angle, possibly indicating an
increase in random scattering with increasing reflection
angle instead of total reflection.

From the simulation data and the experimental data
for D ion penetration into silicon in Figure 2 and Table
1, it can be seen that the decreases in the penetration
depth with decreasing incident ion energy were similar to
each other (that is, 60 ~ 70 A for the simulation data
and 80 ~ 90 A for the experimental data with a decrease
of 200 eV in the incident ion energy). Therefore, it can
be calculated that a decrease of 10 A in the penetration
depth corresponds to a decrease of about 22.7 ~ 24.2
eV in the incident energy. By comparing the maximum
penetration depth of the deuterium ions without reflec-
tion and the deuterium atoms after reflection, as shown
in Figure 2 and Table 1, the energy loss during the re-
flection can be indirectly calculated. Figure 3 shows the
estimated energy loss after reflections at 5° and 15° for
energies from 400 eV to 1 keV. As the figure shown, an
increase in the incident ion energy from 400 V to 1 kV
increases the energy loss from 47.7 to 128.3 eV for a 5°

reflection (about 12 % of the incident ion energy) and
from 84 to 285.6 eV for a 15° reflection (20 ~ 30 %).

The loss of energy after the reflection can be explained
from the ion-surface collision theory. When ions collide
with the surface, the ions lose energy (AFEp;,) due to
hard-sphere collisions between the incident ions and sur-
face atoms. In addition, the ions can loose energy by
reactions with electrons on the surface, which is known
as friction-like slowing or electron straggling, during the
incoming and the outgoing paths before/after the hard
collision [13,14]. If the energy losses during the incom-
ing path and the outgoing path are represented as
and 3, respectively, the total loss of energy after the
reflection (AFE) can be written as

AE = Q1 + AByi, + Q3. (1)

In the case of @1 and Q3, it can be shown that these
can be written as the following equation [19]:

Q1 =Qs =kVE, (2)

where k is a parameter related to the screening length,
and F is the particle energy. During the incoming path,
the incoming ions are generally neutralized through res-
onant electron transfers with the surface or through the
Auger process. In the case of hard collisions between
the incident ions and the surface atoms, it is known that
the energy loss, AEy;,, can be written as the following
equation [13]:

i
AByn = (=) Quin
’ <7+1>Qb
(E—Qy) <2C089\/’72—Sin29>

(147)?

* {1 - (35 ) 1/2}
— k.0, Qo (B~ Q)] ®

Where v = My /M; (mass ratio), € is the incident angle,
and Qpin is the binary collision inelasticity. Therefore,
the total loss of energy after the reflection (AFE) increases
with increasing incident ion energy and incident angle,
similar to the results observed in Figure 3.

After the reflection from the reflector, the reflected
atoms can be scattered at various angles. To understand
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Fig. 3. Energy loss during reflection (neutralization) as a
function of incident deuterium ion’s energy from 400 V to 1
kV for incident angles of 5 and 15°.
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Fig. 4. SiO4 etch depth distribution measured as a func-
tion of polar angle from the point of ion-beam reflection to
measure the distribution of the reflected particles for incident
angles from 5 to 20° (rf power: 400 W; SF¢ gas flow rate: 15
scem; acceleration voltage: 400 V; etch time: 1 hour).

the scattering of the reflected atoms, we used SFg with
3000 A thick SiO, samples located on the circular sub-
strate holder as shown in Figure 1. Also, the SiO2 sam-
ples were etched as a function of polar angle to measure
the distribution of the reflected particles for various inci-
dent angles. The results are shown in Figure 4 for an rf
power of 400 W, a grid acceleration voltage of 400 V and
SF¢ flow rate of 15 sccm. As figure shown, at an incident
angle of 5°, the SiO5 etch depth was maximum near a
polar angle of 10° and increasing the incident angle to
10° increased the reflected angle similar to the reflection
of light on the mirror. However, a further increase of
the incident angle not only decreased the maximum etch
depth angle but also decreased the SiO5 etch depth, pos-

sibly due to a decrease in the reflection of particles by
elastic collisions.

IV. CONCLUSION

In summary, the loss of energy during the reflection of
ions from a flat silicon surface at low incident angles and
the scattering angles after the reflection were indirectly
investigated for incident ion energies lower than 1 keV.
The estimate of the energy loss during the reflection from
a the flat silicon surface by measuring the differences in
the deuterium atom depth profiles in silicon showed that
increasing the incident ion energy and increasing the in-
cident angle increased the energy loss during the reflec-
tion from the reflector by collisional energy loss. At an
incident angle of 5°, the energy loss was about 12 % of
the incident energy while at an incident angle of 15°, the
energy loss was increased to 20 ~ 30 %. After the reflec-
tion, more than 99 % of the ions were neutralized, and
when the incident angle was increased from 5 to 10°, the
maximum reflected angle estimated by the SiOy etch-
ing by using SF¢ increased from 10 to 15° while further
increases in the incident angle decreased the maximum
reflected angle, possibly due to the decreased possibility
of particle reflection by elastic collision.
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