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Deep silicon via etching technology is considered critical to realize three-dimensional (3D)
integrated-circuit systems, because the formation of deep Si via etching pro�les is important to �ll
highly conductive metallic materials and to operate stacked devices at a package level. We studied
a deep etching method using a pulsed inductively coupled plasma (ICP) of SF6, O2 and Ar for the
purpose of attaining a high-aspect-ratio etching pro�le and reducing the undercut at the entrance
of the Si vias. The pulsating RF bias power was used to a�ect the densities of ions and radicals
and thereby sidewall passivation of SiOxFy. To understand the e�ects of radicals in the plasma
on the formation of etching pro�les of deep Si vias, we monitored optical emissions of Ar, F and
O radicals. We were able to correlate the formation of the sidewall to changes in the numbers of
radicals in the plasma.
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I. INTRODUCTION

Due to the development of information technology to-
day, all systems and structures of multimedia systems are
becoming smaller and more e�cient. Also, in the semi-
conductor industry, various technologies and processes to
accommodate changing demands of society are emerging
due to the sudden increase in demands for mobile elec-
tronics with various functions [1]. Among those tech-
nologies and processes, system-in-package (SiP) process
technology, in which various chips are being operated
as one system using through-hole vias (TSV), is in the
spotlight as a means for integrating the package to enable
high speed, high e�ciency, multi-functions and miniatur-
ization. SiP technology enhances the capacity and the
reliability of systems by electrically connecting di�erent
levels of functional devices [2].
Deep silicon via etching processes can be conveniently

classi�ed into Bosch and non-Bosch processes, but the
Bosch process has been dominantly used until now. The
Bosch process is known to result in deep Si vias by al-
ternating the etch step (SF6) and the passivation step
(C4F8) [3]. This process has been used widely because it
can generate high aspect-ratio deep Si vias of a vertical
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etching pro�le with high reproducibility. However, the
Bosch process has drawbacks; low etching rate, scallop-
ing e�ect on the side walls and a large amount of polymer
deposition during passivation step (C4F8), which can re-
sult in contamination in the chambers and on the pro-
cessed wafer [4,5]. Di�erent from this process, non-Bosch
processes are simple and economical and give rise to
less contamination because the processes are performed
solely by using an etching step. This process, however,
has drawbacks in undercut and process repeatability in
forming high aspect-ratio vias [6]. Experiments to over-
come the above drawbacks are performed in this research
by using simple and cost-e�ective processes.
Pulsating plasmas of di�erent frequencies were used in

this work. Various on/o� states are expected to a�ect
ionization in SF6/O2 plasmas due to changes in the den-
sity and the energy of electrons. Particularly, a reduced
number of radicals suppresses the chemical etching and
thereby the undercut [7{9]. The etching process pro-
posed in this work was applied to both the via-�rst and
the via-last schemes [10]. Etching pro�les of various sizes
(5 � 50 um) were analyzed by using scanning electron
microscope (SEM). Optical emission spectroscopy (OES)
was used to identify the processing window from the re-
sults showing the quantitative trends in the densities of
F and O radicals [11].
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Fig. 1. Experimental setup for a pulsating ICP.

Fig. 2. Temporal evolution of the via pro�le with etching
time obtained from the via-last structure (PR/TEOS/Si).

II. EXPERIMENTAL SETUP

An inductively-coupled-plasma (ICP) reactive ion
etcher in which bias power source is equipped with a pul-
sating RF power source was used in this research (Figure
1). OES is used to estimate the densities of F, O and Ar
radicals (F*, O*, Ar*) by counting photons detected at
speci�c wavelengths. The plasma detector for the OES
was set up parallel and close to the wafer surface from
the outside of the reactor.
Figure 2 shows the etching pro�les with time obtained

using a pulsating RF bias power for deep via etching.
First, the photo-resist (PR) layer is patterned on the
TEOS / Si structure, as shown in Figure 2(a). After
the photolithography and oxide etching processes, the
silicon substrate is etched using the pulsed plasma: see
Figures 2(b) and 2(c). The wafers used in these exper-
iments were p-type (100) silicon wafers, 8 inch in di-
ameter. After the wafer-cleaning step, a 5.5-�m-thick
tetra-ethyl-ortho-silicate (TEOS) was deposited by using
a plasma-enhanced chemical vapor deposition (PECVD)

Fig. 3. SEM images on etching pro�les obtained from (a)
the via-�rst structure (PR/Si) and (b) the via-last structure
(PR/TEOS/Si).

process at temperatures below 400 �C with carrier gases
of O2 and He. Then, a 7.8-�m-thick photo-resist (PR)
was patterned using a mask aligner. The Cr UV-mask
that is used for photo-lithography process contained via-
hole and line/space patterns in the size range of 2 { 50
�m. After the lithography process, the TEOS layer was
etched. For the deep Si etching process, we used an
ICP etcher. For the deep Si etching experiment, the
RF source power was �xed at 600 W, whereas the RF
bias power was �xed at 30 W and it was applied to in-
duce a low level of ion acceleration. The RF bias power
was connected to a pulse generator which enabled the
frequency and the duty cycle to be controlled so as to
generate pulsing RF biases. The pulsed plasmas of SF6,
O2 and Ar were used to accomplish deep Si etching.
After etching the Si, we measured the etching rates

and the undercuts by using cross-sectional SEM images
to observe the etched via pro�les. To understand the re-
lations between the etching pro�les and the radical densi-
ties in the plasma, we monitored optical emission spectra
from the plasmas through a quartz window. Emission
spectra with intensity peaks at wavelengths of 415.4 nm,
703.0 nm and 777.0 nm were monitored to investigate
the changes in the radical densities of Ar, F and O, re-
spectively.

III. RESULTS AND DISCUSSION

A TEOS layer was used between the photo-resist and
the Si substrate (PR/TEOS/Si), as deep Si via etching
was to be performed through inter-layer dielectrics in
which logic and memory devices are embedded for SiP
application; this process is commonly known as the via-
last scheme, in contrast to the via-�rst scheme in which
the formation of vias is performed prior to deposition of
the inter-layer dielectric. The di�erences in etching pro-
�les obtained from the via-�rst structure (PR/Si) and
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Fig. 4. SEM images obtained from the via-last struc-
ture (PR/TEOS/Si) for vias with various sizes after pulsating
plasma etching for 5 min.

the via-last structure (PR/TEOS/Si) are shown in Fig-
ures 3(a) and 3(b), respectively. Compared to the via-
�rst structure of the single mask of photo-resist the via-
last structure consisting of PR and TEOS �lms gives rise
to di�erences in trajectories change and in scattering of
incident positive ions. The via-last PR/TEOS/Si struc-
ture tends to result in more scattering of ions due to the
con�nement e�ect of plasma particles inside vias from
the elevated height due to inserted TEOS, resulting in
di�erences in side etching and bowing. O in TEOS is also
known to participate in forming thin passivating layers
on the side wall during etching process [12].
Figure 4 shows SEM images taken from various via

sizes at various pulse frequencies after plasma etching
for 5 min. The continuous plasma condition without
applying pulses yields isotropic via pro�les and bigger
undercuts than any of the other pulsed conditions. We
also found that a higher pulse frequency resulted in lower
etching depth and a larger undercut. A pulse frequency
of 100 Hz is seen to be e�ective in increasing the etching
rate and reducing the undercut.
Figures 5(a) and 5(b) show the vertical etching rates

and the undercuts as functions of the pulse frequency for
various sized Si vias. A reduction in the vertical etching
rate is observed as the pulse frequency is increased. It
is interesting to note that the vertical etching rates are
higher for plasmas with a pulsating RF bias power than
for those without it. This result indicates that the ion
ux to the substrate is not a major factor in enhancing
etching rates in a SF6/O2 plasma. We understand that
uorine radicals are consumed more for side etching in a
continuous plasma than in pulsating plasmas, probably
because they are more reactive with the sidewall passi-
vation layer formed in a continuous plasma. As a result,
more uorine radicals are available for vertical etching
in the pulsating plasma than in a continuous plasma.

Fig. 5. (a) Vertical etching rates versus pulse frequency.
(b) Maximum amount of undercut versus pulse frequency.

This explains the enhanced vertical etching rates in the
pulsating plasmas.
Poly-crystalline Si etching is reported to depend

strongly on the plasma density [13]. This study re-
ported that pulsating plasmas lower electron densities
and electron temperatures, compared to continuous plas-
mas. These changes in the electron properties contribute
to reductions in the ionization ratio and the radical den-
sity. However, our experimental setup is di�erent from
that used in Refs. 9 and 16 in that pulsating power is
applied to the bias power, instead of the source power
which is operated by using the electron cyclotron reso-
nance (ECR) mechanism. Here, we understand that a
pulsating RF bias gives rise to a cyclic nature between
anisotropic etching by ion bombardment while the RF
power is on and sidewall passivation by surface oxida-
tion while the RF power is o�. That is, the formation of
a more robust sidewall passivation layer is possible be-
cause ion scattering in vias can be avoided while the RF
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Fig. 6. Photon counts of F and O radicals versus pulse
frequency.

power is o�.
Figure 6 shows the F* and O* photon counts versus

pulse frequency obtained using OES. Emission spectra
for F* and O* were mainly investigated: F* at 703.0
nm and O* at 777.0 nm. We found that a higher pulse
frequency resulted in a gradual increase of F* and a de-
crease of O*. The reduction of O* can bring about less
reactive sidewall passivation with SiOxFy (silicon-oxy-
uoride) as a prohibitor. Meanwhile, the increased F*
can easily break Si-O bonds on the surface [14,15]. We
have seen from Figure 4 that the pulse frequency a�ects
both the vertical and the side etching rates. The appli-
cation of pulses to the bias power lowers the ion ux onto
the substrate. In addition, a pulse frequency in the range
of 100 Hz to 500 Hz is expected to lower the ion density
near the substrate, as lifetimes of ions are considered to
be short, on the order of ��m, while the radical density
remains more or less unchanged as it strongly depends
on the ICP power rather than the bias power. As a re-
sult, the density ratio of ions to radicals is expected to
be lowered when pulses are applied to the bias power and
this e�ect can be more conspicuous with a lower pulse
frequency. This can result in less ion scattering inside
vias and thereby less side etching and more anisotropic
etching, as observed in Figures 4 and 5.

IV. CONCLUSION

The optimization of the etching pro�le for the forma-

tion of deep Si vias was investigated by using a pulsat-
ing RF bias power and by analyzing the OES and SEM
results. A pulsating RF bias is understood to lower the
ion ux to the substrate and to suppress ion scattering
to the sidewall passivation layer of SiOxFy. The pulse
waveform of the RF power a�ects the densities of ions
and radicals di�erently. The density ratio of ions to rad-
icals very near the substrate is understood to be low-
ered by applying pulses to the bias power; therefore, the
anisotropy of the etching pro�les is improved and the
undercut is suppressed.

ACKNOWLEDGMENTS

This work was supported by the Association of the
Growth Engine for Next Generation Semiconductors of
the Ministry of Knowledge Economy in South Korea.

REFERENCES

[1] G. Q. Feng, X. Peng, J. Cai and S. D. Wang, IEEE. 2005
6th International Conference on Electronics Packaging
Technology (Shenzhen, 2005), p. 1564661.

[2] H. Kikuchi, Y. Yamada, H. Kijima, T. Fukushima and
M. Koyanagi, Jap. J. Appl. Phys. 45, 3024 (2006).

[3] F. Laemer and A. Schip, WO94/14187 (DE93/01129, US
Patent US5501893).

[4] R. Nagarajan, K. Prasad, L. Ebin and B. Narayanan,
Sensors and Actuators A 139, 323 (2007).

[5] W. J. Park, Y. T. Kim, J. H. Kim, S. J. Suh and D. H.
Yoon, Surface & Coating Tech. 193, 314 (2005).

[6] K. W. Kok, W. J. Yoo, K. Sooriakumar and P. J. Sheng,
J. Vac. Sci. Technol. B 20, 1878 (2002).

[7] S. Samukawa, Appl. Phys. Lett. 64, 3398 (1994).
[8] S. Samukawa and S. Furuoya, Appl. Phys. Lett. 63, 2044

(1993).
[9] S. Samukawa, Appl. Surf. Sci. 253, 6681 (2007).
[10] M. Kawano, N. Takahashi, Y. Kurita, K. Koejima, M.

Komuro and S. Matsui, IEEE Trans. Electron Dev. 55,
1614 (2008).

[11] M. Boufnichel, S. Aachboun, F. Grangeon, P. Lefaucheux
and P. Ranson, J. Vac. Sci. Technol. B 20, 1508 (2002).

[12] N. Nakano and T. Makabe, J. Phys. D 28, 31 (1995).
[13] J. H. Lim, K. N. Kim, J. K. Park and G. Y. Yeom, J.

Korean Phys. Soc. 63, 313 (2008).
[14] Y. B. Yun, S. M. Park and N.-E. Lee, J. Korean Phys.

Soc. 53, 2386 (2008).
[15] Y. O. Lim, S. H. Lee and W. J. Yoo, J. Korean Phys.

Soc. 52, 616 (2009).


