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I. INTRODUCTION

In dry etching process, the analysis of etch
residue has been one of the main issues
including etch rate, selectivity and etch profile
to achieve high reliability of process and de-
vice performance. Etch residue has been stu-
died by many researchers for various materials
such as silicon, silicon dioxide, GaAs and so
on. It has been recognized by many workers
V=3 that the addition of chemically active
gases such as oxygen, hydrogen, or nitrogen to
fluorocarbon plasma etching discharges usually
results in often selective changes in the etch
rates of silicon, silicon dioxide, and other
materials of interest in semiconductor device
manufacture. The addition of chemically active
species also results in the effect of etch

residue formation. When silicon and silicon
dioxide are etched by fluorocarbon plasma.
etch residue of (CF)x groups is generally

“formed on the etched surface® " ™' Oehrlein

et al” investigated fluorcarbon film deposition
onto silicon and its influence on the measured
silicon etch rate in CF\/H; reactive ion etching
as a function of CFy/H. feed gas composition.
total gas flow and applied RF power. They
have observed at first a monotonic rise in
deposited fluorocarbon film thickness with
increasing RF power and at high RF power
levels a dramatic decrease in the C,F-layer
thickness.

Surface characterization was undertaken by
many researchers” "' using x-ray photoel-
ectron spectroscopy to determine the com-
position and chemical bonding in the near-
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surface region of the etched samples. They
reported that when material such as silicon.
silicon dioxide was etched by fluorocarbon
containing plasma. C.F-film could be explained
by the presence of C-C and/or C-H. C-CF.
CF. CF.. and CF; type bonding. As men-

tioned. the physical and chemical processes
underlying plasma etching are still only
incompletely understood. Also. redeposition

mechanism of etch product and active species
is incompletely understood because of the
complex phenomena in the plasma state
although many researchers’ " try to examine
redeposition mechanism.

Recently. more attention has been given to
hydrogen bromide gas (HBr) for silicon. M-V,
Al alloy. nitride and polysilicon RIE due to its
highly selective silicon etch over silicon dioxide
and for a lower loading effect chlorine based
gases."“‘z“' The extremely low reaction pro-
bability of the bromine atom on a silicon
surface at thermal energy indicates that ion
bombardment will play an important role in
enhancing the surface reaction in the plasma
and no sidewall passivation will be required to
achieve anisotropic profile.”’ Tsou™ also sho-
wed that HCl based plasma have a strong
loading effect compared to HBr plasma and
reported that HBr plasmas have a very low
lateral etch rate due to the lower spontaneous
reaction of Si with atomic bromine compared
to that with chlorine. It is speculated that the
slower resist erosion rate in bromine-containing
plasma is attributable to the lower reactivity
of Br atoms in attacking resist, compared to
Cl atoms. Besides, the lower volatility of
brominated erosion products may be another
cause.’” Also. they reported that since less
resist erosion carbon-containig products are
available, oxide etching is depressed.

In this paper. the composition and chemical
bonds of poly-silicon etch residue were studied
with XPS and SEM. From these results. the
formation mechanism of etch residue were
discussed.
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II. EXPERIMENTAL

O-1. Sample Preparation

Samples used in this study were prepared
as follows, 1000A thermal oxide on a 6 inch
bare wafer was grown in a O, stream furnace
and then 5500A polysilicon doped by POCI;
was subsequently deposited by LPCVD (Low
Pressure Chemical Vapor Deposition). The
prepared samples were coated with positive
PR (PhotoResist} and patterned by 64M
DRAM S1 mask. The preparation process of
the samples is shown schematically in Fig. 1.

P-TYPE Si (100)

Thermal Oxide Growth (1000 A)

Fig. 1. A schematic diagram of the sample
preparation procedure.
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[1-2. Etching Apparatus and Principles

The samples were etched in a MERIE
(Magnetically Enhanced Reactive Ion Etching)
PRECISION 5000 etcher manufactured by
Applied Material Inc. The structure of the po-
lysilicon etch chamber was shown in Fig. 2.
The backside of the chamber was cooled by
He gas to keep a constant temperature and
volatile etch products were pumped by the
turbo pump. Since ion density generated in
- the plasma state is decreased due to low
*.pressure *-chamber  condition - of - the
(Reactive Ion Etching) etchers, the MERIE
etchers with the magnets around the etch

chamber have been developed to enhance ion -

density within the chamber. with the magnets
around etch chamber. and etch rate by
increasing ion residence time in plasma. The
MERIE type etches materials by both
chemical and physical phenomena simulta-
neously. that is, collisions between substrate
and ions and reactions between the excited
energetic atoms and substrate. The phenomena
is due to the increased ion density by ma-
gnets attached around the chamber. Specially.
magnets in the MERIE etcher control elec-
tronic geometry of generated ions and can
reject ions from the wall using magnetic field.

| PROCESS GAS
v RF MATCH BOX
TR
PLASMA
G_l He COOLING
| [
RF GENERATOR
WAFER LFT THROTTLE
PROCESS
] Ne
L-O TURBO
BALAST

Fig. 2. A schematic diagram of MERIE etcher
used in this experiment.
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The MERIE etcher is effective in etching a
material. Etch properties such as etch rate,
selectivity are obtained predominant in the
MERIE etcher rather than the RIE etcher.
Plasma is generally generated by 13.56MHz
RF power in the MERIE etcher.

[1-3. Experimental Procedure

The experimental procedure is shown simply
in Fig. 1. A gas mixture of HBr. Cl: and
He-O: was used for polysilicon etching. The
experimental conditions were 150W RF power,
100mTorr pressure. 25C ground electrode
temperature and 75Gauss magnetic field. The
main steps in etching process were shown in
Table 1. The breakthrough step was added in
order to remove the native oxide due to air
exposure of the sample, which can obstruct
polysilicon etch, The etching end point was
detected by monitoring CO peak during etch
process and samples were overetched by 50
percent after EPD(End Point Detection) was
detected.

Table 1. Polysilicon Etch Process Steps

STEP 1 | STEP 2| STEP 3 | STEP 4
(Stabili- | (Break- | (Stabili- | (Main
zation) |through)| zation) | Etch)
Maximum 60 sec | 15sec | 30 sec | 600 sec
Time
RF Power 0w 200 W 0w 150 W
. Pressure 40mTorr | 40mTorr | 100mTorr | 100mTorr
Max, Bias | -1000 V |-1000 V| -1000 V | -1000 V
Field
Magnetic 0 Gauss |80 Gauss| 75 Gauss | 75 Gauss
Field
Gases
CF/0s | 30 sccm | 30 scem
HBr 10 sccm | 10 sccm
Cl 10 sccm | 10 sccm
He-0s X sccm | X scem

The effects of He-O: gas content, RF po-
wer and pressure on etch residue were inves-
tigated in this study. The He-O. content ratio
was varied from 1 to 9. the RF power from
50W to 250W. and the pressure from 50mTerr
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to 250mTorr. After samples were etched by
the HBr/Cl:/He-0O> gas mixture, the photo-
resist was removed by Dry PR strip (using O,
plasma) and WET PR strip (using Os/Hp
SO,). Then. Surface layer chemistry has been
characterized by XPS (X-ray Photoelectron
Spectroscopy) or ESCA (Electron Spectros-
copy of Chemical Analysis) [PERKIN-EL-
MER PHI 5400] and the morphology of the
etched sample surface was investigated by
SEM (Scannig Electron Microscopy) [Hitachi
S5000].

II. RESULTS

M-1. Etch Characteristics of Polysilicon Etch
Residue
IM-1-1. Chemistry dependence of polysilicon
etch residue

Samples were etched in plasma state by the
HBr. Cl; and He-O. gas mixtures. Fig. 3
shows the cross-section after just polysilicon
etching. As shown in Fig. 3. photoresist mask
was eroded during polysilicon etching. The
erosion of photoresist mask for etching has
been known to have a large effect on the
residue formation, However, in addition to the
effect of photoresist erosion, since He-O,
content in the gas mixtures is considered to
have a large effect on the polysilicon etch
residue formation in this study, the polysilicon
etch residue was investigated with the vari-
ation of He-O2 content in the gas mixtures.
Fig. 4 shows the effect of the He-O: content
in the gas mixtures on the polysilicon etch
residue after polysilicon etch and PR strip.
Polysilicon etch residue was increased with
increasing He-O: content. This is due to both
increasing redeposition by collisions between
etch products and iIncreasing active species
(ion, radical and atomic and molecular frag-
ments) in plsama by oxygen addition. Accor-
ding to Ma et al'™. the O, addition slightly
enhanced the polysilicon etch rate, however
the O, addition had to be controlled within
7% of total gas flow. Over the 7% of total
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Fig. 3. SEM micrographs after just polysilicon
etching at 150W RF power, 100mTorr
pressure, and 30sccm HBr/ 30sccm
Cl2/y sccm He-Oq

gas, the excess O; shows the undesirable eff-
ects such as etch rate decrease, resist erosion
and redeposition on the field. Fig. 5 shows the
effect of the He-O; content on polysilicon etch
rate, The polysilicon etch rate was monotoni-
cally increased with He-O: content, which is
different from Ma et al'® This etch rate
difference is caused by the fact that rede
position at the PR sidewall is more dominant
than at the etch pattern sidewall by the
interaction between etch products and active
species in plasma. In this study. He-0O. gas
was added to enhance polysilicon selectivity to
PR. Increasing He-O: content also increase ion
density in plasma state. which participates in
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. Fig. 5. Polysilicon etch rate as a function of
He-O. content in HBr/Cl2/He-0O: at
n B@.ekv K3B.0K {. B8y 150W RF power and 10mTorr pressure,
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polysilicon etching. and these active species

increase polysilicon etch rate. However. the

formed polysilicon etch residue is considered as

a non-protector of polysilicon sidewall because

of redeposition of PR sidewall when polysilicon

is etched. As a result. polysilicon etch rate is

* g i : «ﬁ mainly increased by active species in plasma

: T state,

28.08ky x3@. gk L. berm M-1-2. RF power dependence on the poly-
(& silicon etch residue

The effect of RF power on the polysilicon
etch residue was investigated for various RF
powers, The experiment was performed by the
power variation between 50W and 250W. The
results are shown in Fig. 6. The polysilicon
etch residue formations was independent on
the RF power variation. According to Oehr-
lein et al', fluorocarbon deposition rate was
monotonically increased with increasing RF
power. when silicon dioxide etched by CHF3
B and CF\. respectively. Generally, increasing RF
~ Fig. 4. SEM micrographs of polysilicon etch  power enhances ion density of plasma state
residue with He-OZ content of gas  within an etch chamber. Deposition rate of
mixture after PR strip. The Experi-  povsilicon etch residue at the etched poly-
menatal conditions are 150W RF po- e . ) . .
wer. 100mTorr pressure and HBr : Cl silicon 51dewall.1s consxde'rgd to be h*gh at low
2 : He-02=10:10: x RF power. High deposition rate is due to
(a) x=1 (b) x=2 (3) x=3 (4) x=4 neutrals in plasma and as shown in Fig. 6
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Fig. 6. SEM micrographa of RF power dependence of polysilicon etch residue at various RF
powers, 100mTorr pressure, and 30 sccm HBr/30sccm Cly/9scecm He-Oo.

(a) 50 W (b) 100 W

(a), polysilicon etch residue deposition results
in the characteristic V-shape sloped profile. As
RF power increases, deposition rate of poly-
silicon etch residue was relatively decreased
since polysilicon etch rate and volatility of the
products were increased with RF power. As a
result. low deposition rate caused anisotrpic
etch profile as shown in Fig. 6 (e). In Fig. 7
polysilicon etch rates are shown as a function
of RF power. Increasing RF power enhances

(c) 150 W

(d) 200 W (e) 250 W

polysilicon etch rate and the result was consistent
with many researchers'>"™ ' It is considered
that the ion etching increased by ion density
enhancement results.

IM-1-3. Pressure dependence of polysilicon
etch residue

Pressure is also an important variable hav-

ing an effect on etching characteristics. For

example, variation of pressure affects etch
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Fig. 7. Polysilicon etch rate as a function of
RF power at 100 mTorr pressure and
30 sccm HBr/ 30 sccm Cl/ 9scem
HE‘Oz

rate. selectivity, uniformity and so on. Fig. 8
shows the pressure dependence of polysilicon
etch residue formation. The polysilicon etch
residue formation was independent on the
pressure variation, Most of the polysilicon etch
residue existed on the top of etched polysilicon
surface regardless of the pressure variation. As
shown in Fig. 8 (a), the polysilicon sidewall
deposition rate of etch residue is considered to
be low at low pressure compared with the
polysilicon etch rate, This result is the same
as that for the high RF power. Also, as
pressure is increased, the deposition rate of
polysilicon etch residue at polysilicon sidewall
increased. It is partially due to suppression of
volatile etch products in high pressure. .The
polysilicon etch rate was shown as a function
of pressure in Fig. 9. The maximum etch rate
within the applied extend was shown at
150mTorr pressure,

[M-2. Polysilicon Etch Residue Analysis by
XPS

As mentioned previously. XPS is a pre-

dominant surface analysis equipment to an-

alyze bond forms and constituent elements of

HEFRN DN ’A 7

materials such as thin solid films, gas state
and liquid state*”’ The polysilicon etch residue
was characterized by XPS. Fig, 10 shows
wide scan data of XPS after PR strip. Most
of the constituent elements of the polysilicon
etch residue were silicon and oxygen. A
carbon element peak was also detected,
however it is considered as an unimportant
component, since this carbon component is
thought to be caused by air exposure before
XPS analysis. High resolution spectrum for the
main components. that is. Si. O. C, was taken
to analyze chemical bond form and existing
zone, Fig. 11 shows Siz. O and Ci; narrow
scan data in case of 9sccm He-O. . The XPS
spectra show three binding forms in Siy, peak.
two binding forms in O). peak and one bin-
ding form in C;; peak. Their binding energies
are listed in Table 2.

Table 2. Binding Energies of XPS Spectrum at
75° Take-off Angle after Polysilicon

Etching
volumetric ratio Chemical bond | Binding
of gas mixture forms energy(eV)
Si-Si 1005
Si | Si-O (thermal) 104.4
Si-O (residue) 104.7
10 010 : 1
o Si-O (thermal) 532.7
" 1'8i-0 (residue) | 5329
Cis| C-Cor C-H 286.2
Si-Si 1002
Sip, | Si-O (thermal) 104.4
Si-O (residue) 106.2
10 1 10 : 3
o Si-O (thermal) 5337
" 1510 (residue) | 5356
Cis| C-Cor C-H 2875

In case of larger He-O, content, The XPS
analysis data show more clear intensity diffe-
rence among residue peak and the other
peaks. It indirectly demonstrates polysilicon
etch- residue is increased with increasing He-
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Fig. 8. SEM micrographs of pressure dependence of polysilicon etch residue at various
pressure, 150W RF power and 30 sccm HBr/30sccm Cla/9sccm He-Oo.

(a) 50 mTorr (b) 100 mTorr
O content. As shown in Table 2, the binding
energies of polysilicon etch residue with He-O.
ratio showed 104.7eV and 106.2eV for Siz,
spectrum and 532.9eV and 535.6eV for O
spectrum, respectively. Since main constituent
compositions of the polysilicon etch residue are
silicon and oxygen and binding energy of the
residue is larger than thermal oxide (SiO»),
the most stable silicon oxide having the most
largest binding energy. a chemical bonding
form of the polysilicon etch residue has been

(c) 150 mTorr

(d) 200 mTorr (e) 250 mTorr
considered as SiOx (x)>2). The etched surface
also is analyzed by take-off angle variations
(15°, 45° and 75°) to enhance sensitivity.
When polysilicon etch residue peak is com-
pared to other peaks, the intensity of poly-
silicon etch residue is larger than others in
take-off angle of 15°. This demonstrates that
most of the polysilicon etch residue exists on
the top of the etched polysilicon pattern in
accordance with the results of Fig. 3.
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Fig. 9. Polysilicon etch rate as a function of
pressure at 150 W RF power and 30
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Fig. 10. The XPS survey spectrum after poly-
silicon etching at 150 W RF power,
100mTorr pressure and 30sccm HBr/
Osccm Cla/9sccm He-O:; and PR strip.

The depth profile of the sample is also
taken successively by Ar sputtering during 10
minutes as shown in Fig. 12. As the sample
was sputtered by Ar atoms or Ar® ions, the
polysilicon etch residue was removed from the
sample surface with sputtering time and the
polysilicon intensity was increased gradually by
the exposure of polysilicon sublayer. After 10
minutes Ar sputtering, the polysilicon etch
residue was completely removed from the
sample surface and only polysilicon and
thermal oxide peaks were detected in the
depth profile spectrum. As a result, the depth

HEFRAAN A4 54 9

profile shows that the etched surface consists
of an oxide-like residue layer and a thermal
oxide or polysilicon layer after etching.
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Fig. 11. The high resolution XPS spectra of
the sample etched at 150W RF po-
wer, 100mTorr pressure and 30 sccm
HBr/ 30sccm Cly/ 9scem He-O»

(a) Siz spectrum (b) Oy spectrum
(c) Cis spectrum

IV. CONCLUSIONS

The polysilicon etch residue characteristics
were studied as a function of He-O. content.
RF power and pressure in this study. The
polysilicon etch residue formed during etching
by HBr/Cl./He-0O: mixture was increased with
increasing He-O. content. Most of the poly-
silicon etch residue was formed onto the top of
etched polysilicon pattern. The polysilicon etch
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Fig. 12. The

depth profile of the
etched at 150W RF power. 100mTorr
pressure and 30 sccm HBr/ 30scem
Cl./ 9sccm He-Oq.

(a) Si, spectrum (b) Oy: spectrum

sample

rate was monotonically increased with He-O;
content. The polysilicon etch residue was not
affected by RF power and pressure variation,
The deposition rate of the polysilicon etch
residue onto the polysilicon sidewall was high
at low RF power and high pressure. As a
result, the polysilicon etch residue deposition
resulted in the characteristic V-shape sloped
profile. The polysilicon etch residue was char-
acterized by the XPS. The binding energy of
the polysilicon etch residue was larger than
that of thermal oxide which was considered as
the most stable silicon oxide. Therefore, the
formed etch residue was considered as an
oxide-like residue having SiO.(x>2) chemical
bond.
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