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Abstract

In the fabrication of nano-scale silicon-based devices, any process-related damage such as electrical charging and surfac
modification remaining during the processing may cause serious problems due to the size limitation of the devices. Therefore,
etching processes with no or negligible damage are required. In this study, a low-angle forward reflected neutral beam apparatu
with a planar-type reflector attached to the ion source has been used and its effect on the formation of neutral beam and the
characteristics of the neutral beam flux have been investigated. The results showed that most of the ions extracted from the iol
source were neutralized and formed a neutral beam by the low-angle reflection from the planar-type reflector, and when Si and
SiO, were etched with the reactive radical beams generated with SF , high etch rates and vertical etch profiles could be obtaine
with the low-angle forward-reflection technique.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction beam energy loss, and its characteristics were investi-
gated for various grid voltages and gas flow rates. Also,

Charge-induced damage during the plasma etching isthe neutral beam energy was investigated using a quad-
one of the biggest problems that have to be solved for rupole mass spectrometer and the SiO etch profile for
deep submicron semiconductor devices, as well as future50-nm scale was investigated as a measure of direction-
nanoscale devices. To avoid this charge-related damageality of the neutral beam.
several low-damage processes have been proposed, and
one of the techniques to avoid this problem is to use 2. Experimental
neutral beam etchinfl—§].

In previous studies, a prototype etcher using a low-
angle forward-reflected neutral beam was developed
where all the energetic reactive ions extracted from an
ion source are reflected from a flat surface, at an incident

angle between 5and 13, to produce a nearparallel he |ow-angle forward reflected neutral beam source
neutral beam flu{7-9,13. Also, a hole-type compact (jo source and reflectar A laboratory-built two-grid-
reflector was proposed in order to improve the neutral yoq inquctively coupled plasma source was used as the
beam flux and beam uniformity within the wafer, and , source. The r.f. power applied to the plasma source
the ‘etch properties of SIO were investigated with \ a5 400 W with a frequency of 13.56 MHz. The ions
various fluorine-based gases such as etch rate, etChom the plasma source were extracted using the two-
profile _and charging damadé0,11. grid assembly. A potential ranging from 100 to + 400

In this study, a new low-angle forward-reflected neu- y, (Va) was applied to the grid located close to the
tral beam system having a compact planar reflector hasgg e (accelerator gritl and a potential from O to
been proposed to obtain higher neutral flux and lower _ 40 v/ (Ve) was applied to the grid located outside
mponding author. Tel:+ 82-31-270-7395: fax:- 82-31-277- of the source(extractor grid. The reflector was made
6505. from a parallel stack of polished stainless steels sup-

E-mail address: gyyeon@skku.ac.k¢G.Y. Yeom). ported by an aluminum block, with the axes of the

In this experiment, a low-angle forward reflected
neutral beam source, which is composed of an r.f. ion
source and a planar-reflector, has been used to form a
neutral beam. Fig. 1 shows the schematic diagram of

0257-8972/04/$ - see front matt@r 2003 Elsevier B.V. All rights reserved.
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Fig. 1. Schematic diagram of the low-angle forward reflected neutral beam system used in the experiment.

reflector fabricated to have°5angle to the ion beam 400 V and —100 V, respectively. As shown in the

direction. The plates of the reflector were matched to figure, the increase of SF gas flow rate from 10 to 25

each hole of the grid of the ion source. The depth of sccm increased the Si etch rate from 60 to 123 rmim

the plate of the reflector was optimized with 25 mm to and also increased the SiO etch rate from 15 to 16.6

reflect all of the parallel ions extracted from the ion nm/min. The increase of Si and SjO etch rates with

source and, therefore, to neutralize the extracted ions.the increase of SF gas flow rate appears to be due to

The details of the ion source dimensions, reflector the increased ion beam flux from the ion source as

dimensions, and the ion source operations conditionsobserved in the previous stud9], and which resulted

can be found elsewher®—-11]. The ion energy distri-  in the increase of neutralized ion flux to the substrate.

butions of the ions extracted from the ion source and The increase of Si etch rates was faster than that of

the neutral energy distribution of the neutralized ions SiO, as shown in the figure and it appears to be due to

after the reflection on the reflector were measured usingthe higher sensitivity of Si etching to the neutral flux

a quadrupole mass spectrom(@MS) (Hiden Analyti- compared to that of SiQ etching.

cal Inc.; EQP 1000 serig¢s Fig. 3 shows the effect of acceleration voltage of the
As the samples, p-typ€100) Si wafers and Si@

wafers thermally grown on Si were used, and those

wafers were patterned by photoresist to investigate the

etch rate, etch selectivity, and to examine the etch X[+ 7 7 7+ T 71
anisotropy. SE was used as the etch gas and was fed to —e—3i0

the ion source with the flow rate ranging from 5 to 25 8l —=si 1120
sccm. The chamber pressure with the gas flow was £ =
maintained from 0.04 to 0.12 Pa. Si and $iO etch rates & 1198 g
were measured as a function of acceleration voltage of £ 1er 1 E
the accelerator, extraction voltage of the extractor, and & 10 o
SF; gas flow rate. Etch depth was measured with a stepg 14} @
profilometer and the etch anisotropy was observed using ®, 175 %
a field-emission scanning electron microscopeE- 2 i &
SEM). va: s00v 80

r Ve: -100 V
3. Results and discussion 10 S Y ST —— ]

8 10 12 14 16 18 20 22 24 26

. . F, fl
Fig. 2 shows the effect of QF gas flow rate on Si SF flow rate (scom)

and SiQ etzh ra\j\?s' -I(;heh r.fc.i_power %upplled tcr)] the IOnI Fig. 2. SiQ, and Si etch rates with the reflector as a function qf SF
source was 400 and the distance etweer,] the samp %as flow rates(r.f. power to ion source; 400 W; acceleration voltage;
and the reflector was 4 cm. The acceleration voltage 400 v: extraction voltage— 100 V: distance between reflector and
and extraction voltage supplied to the ion source were substrate: 4 cin
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even though the change of the etch rates was not
significant. The change of extraction voltage does not
change the energy of the extracted ions; instead, it can
change the flux of the ions by changing the degree of
convergence of the ions during the extraction through
the grid system. Therefore, the flux of the neutral beam
to the substrate can be changed. In fact, when the
change of the neutral flux was measured with extraction
voltage using a quadrupole mass spectromé&fEviS),

the change of the neutral flux was similar to the results
of the etch rates shown in Fig.(dot shown. The
change of Si etch rates with the extraction voltage from

0 to —200 V was approximately 15% while that of

00 180 200 250 800 950 400 SiO, etch rate was approximately 11% and the more
significant change of Si etch rate with the extraction
voltage appears to be from the higher sensitivity of Si
etching to magnitude of neutral flux as mentioned above.
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Fig. 3. SiQ and Si etch rates with the reflector as a function of

acceleration voltage of the ion sourdef. power to ion source: 400 Fig. 5 shows(a) the _ion energy distribution of the
W: acceleration voltage: 400 V; extraction voltage100 V; distance ions extracted from the ion source afiz-e) the neutral
between reflector and substrate: 4)cm energy distribution of the neutralized ions at the sub-

strate after the reflection on the reflector as a function
ion source on the Si and SJO etch rates. The r.f. power of acceleration voltaggVa) using a QMS. The r.f.
supplied to the ion source was 400 W, the distance power and gas flow rate to the ion source were 400 W
between the sample and the reflector was 4 cm, theand 10 sccm, respectively. To better understand the
extraction voltage of the ion source was100 V, and neutralization of the ions at the reflector and the change
the Sk gas flow rate was 20 sccm. As shown in the of energy during the reflection more easily, Ar was used
figure, the Si etch rate increased from approximately 57 instead of SF . The acceleration voltage to the ion
to 128 nmy/min with the increase of acceleration voltage source was in the range from 0 to 80 V while extraction
of the ion source from 100 to 400 V, and the $iO etch voltage was kept at 0 V. The energy scan range inves-
rate also increased from approximately 2.3 to 15.2/nm tigated by QMS was—100 to 100 V, therefore, the
min. The increase of Si and SjO etch rates with the process parameters including the process gas were not
increase of acceleration voltage appears related to thehe same as the conditions used in the etching of Si and
increase of energy of ions extracted from the ion source. SiO, shown in Figs. 2—4. However, it is believed that
The increased ion energy will increase the neutral beamthe basic characteristics of neutralization of ions at the
energy after the reflection of the ions at the reflector,
therefore, the increased neutral energy appears to
increase the etch rates of Si by factor of 2, and,SiO by

factor of 8. However, the increase of SiO etch rate with 18 T T T 130
acceleration voltage was faster than that of Si etch rate. | ¢SO,
Also, when the accelerate voltage was increased, the__ =S 4120

extracted ion flux was also increased as observed in ag 17
previous study[9]. Therefore, when the results in Figs. £
2 and 3 are compared, it can be concluded that the Sig
etch rate is more sensitive to the flux of the neutrals & 16}
while the SiQ etch rate is more sensitive to the energy & . 4100
of the neutrals. gw
Fig. 4 shows the effect of extraction voltage of the &
ion source on the Si and SJO etch rates. The r.f. power
and the distance between the reflector and sample were
also maintained at 400 W and 4 cm, respectively. The 14 L - L . - 80
acceleration voltage of the ion source was 400 V, and 0 50 100 150 200
the gas flow rate was 20 sccm. As shown in the figure, EXtraction volatge (Volts)
Vzh]_%% il; ?hgxet'zsﬁt:'g?esvgt‘t%??anv(\j/agg hgggfedasf;%nglightlc;/ Fig. 4._ SiG and Si etch rates with the refle(_:tor as a function of
! extraction voltage of the ion sourc@.f. power to ion source: 400 W,
and when the voltage was further changed frert00 acceleration voltage: 400 V; extraction voltage:100 V; distance
to —200 V, the Si and Si® etch rates increased slightly between reflector and sample: 4 km

4110
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Fig. 5. lon energy distribution of Ar  without reflectéa) and neutral
energy distribution of Ar with reflector for 0 \W¥b), 40 V (c¢), and 80

V (d) of acceleration voltage. Neutral energy distribution measured
for the condition in(d) with a shutter installed in front of the reflector
(e) (r.f. power: 400 W; extraction voltage: 0 V, $F gas flow rate: 20

Neutral energy (V)

sccm, and distance between reflector and QMS: 15. cm
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reflector and the energy of the neutrals after the reflec-
tion can be qualitatively understood.

Fig. 5a shows the ion energy distribution of the
extracted ions from the ion source measured without the
reflector. No voltages were applied to the grid system.
As shown in the figure, even without the application of
voltage to the grids, the extracted ions showed a distri-
bution of energy. There was a low-energy range with a
peak at approximately 12 eV and a high-energy range
from 20 to 60 eV showing peaks at 20 eV and near 50
eV. The high-energy range appears to be from the ions
accelerated to the grid by the plasma sheath voltage in
the ion source while the low-energy range appears to be
from the ions’ lost energy by the scattering with the
neutrals, grids, etc. in the chamber before they are
collected by the QMS. Fig. 5b shows the energy distri-
bution of neutralized ions after the reflection at the
reflector for the condition shown in Fig. 5a. The energy
of the neutrals was measured by ionizing the neutrals
using the ionizer at the QMS. More than 99% of the
ions reflected at the reflector were neutralized as inves-
tigated by previous researchf&10. As shown in Fig.
5b, the energy of the neutrals after the reflection was
also distributed into two ranges with peals at 0 eV and
40 eV, respectively. When the data of Fig. 5b were
compared with that of Fig. 5a, it is believed that the
range of the ions with the peak at 12 eV decreased to
the neutrals with near 0 eV during the neutralization at
the reflector, and the range of the ions from 20 to 60
eV decreased to the neutrals with a range from 10 to 50
eV having a peak at 40 eV. Due to the low detection
efficiency of the energetic neutrals with QMS compared
to ions, the detection count per second for the neutrals
is much lower than that for ions and only the neutrals
with high intensity might be detected on the QMS such
as the one with 40 eV peak. Therefore, during the
neutralization by the reflection at thé &ngle reflector,
the ions appear to loose approximately 10-15 eV,
however, the neutrals formed after the reflection appear
to keep the rest of the energy.

Fig. 5b, ¢ and d show the effect of acceleration
voltage from 0 to 80 V on the change of neutral energy
measured by QMS. As shown in the figures, the increase
of acceleration grid voltage increased the energy of the
neutrals having high-energy range. In the case of neutrals
having the low-energy range with a peak near 0 eV, the
peak intensity decreased with the acceleration voltage.
The low-energy neutrals with the peak at 0 eV include
not only the neutralized energetic ions reflected at the
reflector but also the randomly oriented neutrals extract-
ed from the ion source without ionization at the ion
source, and the latter forms the background pressure of
the chamber. The decrease of the low-energy neutral
intensity with the increase of acceleration voltage
appears related to the decrease of energy losses of
neutralized ions due to random collision with grids and
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500nm

Fig. 6. SEM micrograph of SiQ etch profile with §F by the low-angle forward reflected neutral eanpower: 400 W; extraction voltage:
—100 V, distance between reflector and substrate: 4 crg, SF gas flow rate: 20. sccm

other surfaces, not with the reflector, by the increased been studied using a new low-angle forward-reflected
directionality of the extracted ions by the voltage gra- neutral beam system having a compact planar reflector.
dient formed between the grids. Fig. 5e shows the When Si and SiQ were etched with the energetic
neutral energy distribution measured for the condition reactive neutral beams of SF , formed by the neutralized
in Fig. 5d with a shutter installed in front of the reflector, ions reflected on the low-angle reflector as functions of
therefore, only randomly oriented neutrals can enter the acceleration voltage and flow rate to the ion source, the
QMS. The peak intensity at near 0 eV was similar to increase of acceleration voltage increased the, SiO etch
that in Fig. 5d and the high-energy neutral peak was rate more significantly and Si etch rate increased with
vanished. Therefore, the low-energy peak shown in Fig. the increase of SF gas flow rate more effectively. The
5d is originated from the background pressure formed energy distribution of the ions extracted from the ion
by the random neutrals extracted at the ion source andsource and that of neutrals formed after the reflection
not from the energetic neutrals reflected at the reflector. of the ions at the reflector were measured using quad-
The energy of the neutrals with the high-energy range rupole mass spectroscopy, and the results showed that
formed by the low-angle reflection of the accelerated the energy of the ions extracted by the ion source is lost
ions can be changed as shown in Fig. 5b, ¢ and d, andapproximately 10—15 eV after the reflection and neu-
these neutrals could form a parallel neutral beam. To tralization, however, the energetic neutrals were keeping
see the directionality of the neutral beam formed by the the remaining energy and the energy of neutrals could
reflection of the energetic ions, SIO patterned with 50- be changed by changing the acceleration voltage to the
nm Cr lines was etched and the etch profile was ion source. The energetic neutrals were forming a
observed using a SEM. Fig. 6 shows a SEM profile of parallel neutral beam, therefore, when $iO patterned
SiO, etched using SF by the low-angle forward reflec- with 50-nm lines was etched using a,SF neutral beam,
tion technique. R.f. power to the ion source was 400 W a vertical etch profile could be observed.
and the acceleration voltage and the extraction voltage
were 400 V and—100 V, respectively. The distance Acknowledgments
between the reflector and the substrate was 4 cm and

SFe.flow r'ate was 20 scem. AS Sh‘?W” ir) the fi.gure, & This work was supported by the National Program
vertical SiQ etch profile was obtained indicating the ¢, Tera-Level Nanodevices of the Korea Ministry of

formation of a parallel neutral beam by the low-angle ggjence and Technology as a 21st Century Frontier
forward reflection technique used in this experiment. Program.
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