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In depth profiling measurements with AES, XPS, and SIMS, the sputter etching rate is one of

the important parameters. We have proposed the mesh-replica method (J. Surf. Anal. 5, 188 (1999))

to measure the actual sputtered depth even for a wide sputtered area. SERD (Sputter etching rate

database) project in SASJ has been developing the relative sputter etching rate database using this

technique. In this report, we show the sputter etching rate ratios of Si to SiO, by collaborating

study, and they were determined to be 1.0440.10 and 1.02+0.07 for the Ar* ion beam energies of |

keV and 3 keV, respectively. From the results, it was found that the sputter etching rates of Si were

almost the same as those of Si0,.

1. Introductioﬁ

Depth profiling measurements with ion sputter etch-
ing is usually carmied out in AES (Auger electron spec-
troscopy), XPS (X-ray photoelectron spectroscopy),
and SIMS (secondary 1on mass spectrometry). The
sputter etching rate is one of the important parameters.
Sputtering yields have been summarized fron experi-
mental data [1] and they are shown with the Z (atomic
number) dependence. In their data, the sputtering yields
increase with increasing the Z number, for example
from Ti (Z=22) to Cu (Z=29), from Nb (Z=41) to Ag
(Z=47), and so on. On the other hand, the U-valley
shaped sputter etching rates are also shown in the lit-
erature [2]. For example, the sputter etching rates de-
crease from K (Z=19) to V (Z=23), are almost con-
stant from V to Ni (Z=28), and increase from Ni to Se
(Z=34). The same tendency are reported for Na (Z=11)
to S (Z=16), Rb (Z=37) to Te (Z=52), and Cs (Z=55)
to T1 (Z=81) for Ar ion bombardment. The numerical
data for sputtering yields are listed for 17 kinds of

This paper was presented at the International Sympo-
sium on Pratical Surface Analysis (PSA-01). 2001 in
Nara, Japan.

single elemental metals in the reference [1]. These data
are important to estimate a sputtered depth, however,
it is difficult to judge the accuracy. This is because we
experimentally know that sputter etching rates are dif-
ferent for crystallographic qualities (single crystal,
poly-crystal, or amorphous) even for a samie material,
or for fabrication methods (sputter deposition, flatting,
etc.). In AES and XPS, the sputter etching rate is gen-
erally estimated from an elemental depth profile of a
standard sample with a known thickness such as a
Ta,0s film [3] or SiO, film [4]. The concept of relative
sputter etching rate was previously introduced, and they
were reported for sputter-deposited metal films nor-
malized by the sputter etching rate of SiO, [5]. This
method is useful in routine depth profiling measure-
ments for various materials, then many data should be
collected as a database for practical use. It is also im-
portant that the relative sputter etching rate is inde-
pendent of ion current, ion current density, rastered
area, and so on.

We have proposed the mesh-replica method to
measure the actual sputtered depth [6]. In this report,

we show the sputter etching rates of SiO, and Si mea-
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Table 1|

List of apparatus, ion gun type, and stylus profilometer used in the organizations.

Organization Apparatus (AES, XPS)
A PHI-660 (AES)
PHI-680 (AES)
PHI Quantum 2000 (XPS)
PHI-670 (AES)
PHI-650 (AES)
PHI-670 (AES)
PHI-660 (AES)

Qo mgogQaOw

Ion Gun type Stylus profilometer

Model 04-303 DEKTAK3030
Model 06-350 DEKTAK3030
------------ Surfcom900A

Model 04-303A DEKTAK2A
FIG-5 DEKTAK3
FIG-5 DEKTAK?3030
Model 04-303 DEKTAK3030

sured using mesh-replica method by collaborating
seven organizations in SERD (Sputter etching rate
database) project of SASJ (Surface Analysis Society
of Japan). We have obtained the sputter etching rate
ratios of Si to SiQ, from these results.

A SiO, film is most familiar as a reference material
with the depth marker, though it may be degraded by
beam irradiation. On the other hand, the characteris-
tics, such as crystallographic index and its purity, of
Si substrate is well-defined and very stable against
beam irradiation. Then we are considering that Si may
become a candidate of a good reference material for

sputtering rate when using the mesh-replica method.

2. Experimental

The specimens used were 100 nm-thick SiO, film
and Si(100) substrate and sputtering processes were
carried out by the AES apparatus (PHI, Model-650,
660, 670, and 680) and the XPS apparatus (PHI, Quan-
tum 2000), as shown in table 1, with monitoring of
elemental distribution in depth. The SiO, film was ther-
mally grown on a Si(100) substrate and the thickness
was determined by ellipsometry in our laboratory.
Table I also shows the types of stylus profilometers
used in this study. The ion for sputtering was Ar* with
the energy of | keV or 3 keV and the incident angle of
the ion beam were 59 degrees (PHI, Model-650, 660,
and 670), 47 degrees (PHI, Model-680) and 45 de-
grees (PHI, Quantum 2000) from the surface normal.
The sputter etching rates were varied by changing the

rastered area of the ion beam and the ion sputtering

was stopped before reaching the SiO, / Si interface for
the SiO, films. The sputter etching rate of SiO, was
measured by two methods: one is from the mesh-rep-
lica method and the other is from the depth profiling
method. The latter one is to determine the sputter etch-
ing rate from the sputtering time from the top surface

to the Si0, / Si-substrate interface. The sputter etch-
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Fig. 1 (a) Example of depth profile of 100 nm-thick SiO,
film. Thickness (100 nm) is 4 and sputtering time
is 2. (b) Example of stylus profilometer image

after sputtering. Depth of sputtered crater is ¢ and

sputtering time is 2.
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Fig. 2 Total sputtered depth of SiO, and Si for the Ar*
ion beam energy of | keV and 3 keV. The organiza-

tions correspond to the symbols of A to G.

ing rate of Si was measured only by the mesh-replica
method because of the lack of the depth-marking such

as a compositional interface.

Figures | (a) and (b) show examples of a depth
profile of 100 nm-thick SiO, film and a stylus
profilometer image after sputtering. Using these data,
sputter etching rates of Si0, were measured by the

mesh-replica method and the depth profiling method.

3. Results and Discussion
3.1 Reported data from the collaborating organi-
zations

Figure 2 show total sputtered depth of SiO, and Si
for the Ar* ion beam energy of 1 keV and 3 keV in the
seven organizations. The organizations correspond to
the symbols of A to G. Total sputtered depth was mea-
sured using stylus profilometers. The inset graph in-
cludes all data, and the main graph expands the verti-
cal axis because the measured values are almost dis-
tributed in the sputtered depth range below 160 nm. It

is found that the measured values concentrate in the

K. Mogi etal. Sputter Etching Rate Ratio of 5i to SiO, .using Mesh-Replica Method

range of 60 to 110 nm.

Figures 3 (a) - (g) and (h) - (n) show the sputter
etching rates of SiO, for the Ar* ion beam energy of |
keV and 3 keV. Here, NRD for the horizontal axis is
the abbreviation of Nominal X, Y Rastering Distance
for the sputtering, and SER for the vertical axis is for
Sputter Etching Rate. The horizontal axis corresponds
to the reciprocal of the nominal rastering area. The
unit of NRD is mm, then the unit of the horizontal
axis is mm~.The sputter etching rate of SiO, was ob-
tained by the depth profiling method (cf. Fig. 1(a)).
Figures 4 (a) - (g) and (h) - (n) show the sputter etch-
ing rate of SiO, for the Ar* ion beam energy of | keV
and 3 keV. The sputter etching rate of SiO, was ob-
tained by the mesh-replica method (cf. Fig. 1(b)). The
sputter etching rates of SiO, show the same linear-ten-
dency against the reciprocal of NRD? values for al-
most all organization. At the NRD value of 2 (I/NRD*
= 0.25 mm™) in Figs. 3 (g) and 4 (g), however, the
sputter etching rate at the organization G is larger, com-
paring those values obtained at other organizations.

Figures 5 (a) - (g) and (h) - (n) show the sputter
etching rates of Si for the Ar* ion beam energy of |
keV and 3 keV. The sputter etching rates of Si also
show the similar curve. At the NRD value of 3 for the
organization G in Fig. 5 (n), the sputter etching rate
seems to be larger than other organizations. From Figs.
3 to 5, it means we should pay attention to the data at

the organization G.

3.2 Sputter etching rate ratios depending on the ion

beam raster area

Figures 6 (a) - (g) show the sputter etching rate
ratio of Si to SiO, for the Ar* ion beam energy of |
keV and 3 keV. The sputter etching rate of Si0, was
obtained by the depth profiling method, and that of Si
was obtained by the mesh-replica method. Figures 7
(a) - (g) show the sputter etching rate ratio of Sito
Si0, for the Ar* ion beam energy of 1 keV and 3 keV.
Here the sputter etching rates of Si0, and Si are ob-
tained by the mesh-replica method. Figures 6 (g) - 2

and 7 (g) - 2 reduce the scale of the vertical axis of
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Fig. 3 (a) - (g): Sputter etching rate of Si0O, for the Ar* ion beam energy of | keV. The sputter etching rate of
Si0, is obtained by the depth profiling method. NRD and SER are the abbreviations of nominal X, Y rastering
distance and sputter etching rate, respectively. Figures (a) to (g) correspond to the organization A to G.

(h) - (n): Sputter etching rate of SiO, for the Ar* ion beam energy of 3 keV. The sputter etching rate of SiO, is
obtained by the depth profiling method. Figures (h) to (n) correspond to the organization A to G.

The unit of the horizontal axis in (a) - (n) is mm™.

Fig. 6 (g) - 1 and 7 (g) - 1, respectively. Since the
value of the organization G of 3keV at the NRD of 3
(1/NRD?=0.11 mm?) is particularly greater than other
datain Fig. 6 (g) - 1,6 (g)-2,7(g) - | and 7 (g) - 2,
those two data were excepted in the following discus-

sion.

- 51

The data in Fig. 6 (a) - (g) and Fig. 7 (a) - (g) are
plotted in one figure as Fig. 8 and Fig. 9, respectively.
The sputter etching rate ratios of Si to SiO, which ob-
tained from the sputter etching rate of SiO, measured
by the depth profiling method in Fig. 8 are widely
spread in the range of 0.9-1.3. On the other hand, those
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Fig. 4 (a) - (g): Sputter etching rate of SiO, for the Ar* ion beam energy of | keV. The sputter etching rate of SiO,
is obtained by the mesh-replica method. Figures (a) to (g) correspond to the organization A to G.
(h) - (n): Sputter etching rate of SiO, for the Ar* ion beam energy of 3 keV. The sputter etching rate of SiO, is

obtained by the mesh-replica method. Figures (h) to (n) correspond (o the organization A to G.

The unit of the horizontal axis in (a) - (n) is mm™~,

of Si to SiO, which obtained from the sputter etching
rate of SiO, measured by the mesh-replica method in
Fig. 9 are closely distributed, excepting the value of
near 0.8 at NRD of 1 (I/NRD? = | mm™) in Fig.9.

3.3 Correlation of Si and SiO, sputtering rates
Figures 10 (a) and (b) show the correlation of the

sputter etching rates of Si with those of Si0, for the
energies of 1 keV and 3 keV for the primary Ar* ion
beam. The sputter etching rate of SiO, was obtained
by the depth profiling method, and that of Si was ob-
tained by the mesh-replica method. The sputter etch-
ing rate ratios of Si to Si0, were determined to be
1.051£0.16 and 1.11£0.07 for the Ar* ion beam ener-
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Fig. 5 (a) - (2): Sputter etching rate of Si for the Ar* ion beam energy of 1 keV. The sputter etching rate of Si is
obtained by the mesh-replica method. Figures (a) to (g) correspond to the organization A to G.
(h) - (n): Sputter etching rate of Si for the Ar* jon beam energy of 1 keV. The sputter etching rate of Si is
obtained by the mesh-replica method. Figures (n) to (n) correspond to the organization A to G.

The unit of the horizontal axis in (a) - (n) is mm™,

gies of 1 keV and 3 keV, respectively. Figures 11 (a)  1.02+0.07 for the Ar* ion beam energies of 1 keV and
and (b) also show the correlation of the sputter etch- 3 keV, respectively. It is needed to examine the repro-
ing rates of Si with those of SiO, for the energies of 1~ ducibility of the sputter etching rate for an organiza-
keV and 3 keV for the primary Ar*ion beam. The sput-  tion in order to precisely discuss, because it was not
ter etching rates of SiO, and Si were obtained by the  investigated in this study.

mesh-replica method. The sputter etching rate ratios It is clearly found that the relative sputtering rates
of Si to S10, were determined to be 1.04+0.10 and  of Si to SiO, are linearly plotted independent of appa-
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Fig. 7 (a) - (2): Sputter etching rate ratio of Si to SiO, for the Ar+ ion beam energy of 1 keV (symbol X) and 3
keV (symbol O). The sputter etching rate of SiO, and Si are obtaincd by the mesh-replica method. Figures (a) to
g) correspond to the organization A to G. Here, NRD and SER in axes correspond to nominal rastering distance

and sputter etching rate, respectively. The unit of the horizontal axis in (a) - (g) is mm™.
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Fig. 8 Spuatter etching rate ratio of Si to SiO, for the
Ar* ion beam energy of 1 keV and 3keV. The sputter -
etching rate of Si0, is obtained by the depth profiling
method. The sputter etching rate of Si is obtained by
the mesh-replica method. The unit of the horizontal

axis is mnr~,
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Fig. 9 Sputter etching rate ratio of Si to Si0, for the Ar*
ion beam energy of | keV and 3keV. The sputter etch-
ing rates of Si and SiO, are obtained by the mesh-rep-

lica method. The unit of the horizontal axis is mm®~,

ratus and sputtering conditions, and that the sputter
etching rates of Si were almost the same as those of
Si0,. It 1s also shown that the sputter etching rate ra-
tios of Si to Si0O, obtained from the depth profile
method are slightly larger than those of Si to SiO, ob-
tained from the mesh-replica method. This means that
the sputter etching rate of SiO, which obtained by the
depth profiling method is smaller than that of SiO,
which obtained by the mesh-replica method. In Figs.
10 and 11, the dispersion of the sputter etching rate
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Fig. 10 Sputter etching rate of Si against that of Si0,
for the Ar* ion beam energy of (a) | keV and (b) 3
keV. The sputter eiching rate of SiO, is obtained by
the depth profiling method. The sputter etching rate
of Si 1s obtained by the mesh-replica method. The sym-

bols A to G correspond to the organizations.

ratio is lager for the Ar* ion beam energy of 1 keV
rather than that of 3 keV. In addition, the values for the
organization G are particularly apart from a correla-
tion line in Fig. 11 (a) and the point obtained by the
organization F in Fig. 11 (b). We are considering that
the problem may be in ion gun or stylus profilometer,
though it is impossible to conclude the reason. More-
over, we think that the sputter etching rate is indepen-
dent of the incident angle of the ion beams from 45 to
59 degrees in this study, considering the data in Figs.
10 and 11 do not depend on the apparatus type.
Figures 12 and |3 show normalized sputter etch-
ing rate, as unity at the NRD of 3 (I/NRD?* = 0.11
mm™) from Figs.10 and 1], of Si and SiO, for the Ar*
ion beam energy of 1 keV and 3 keV. When the value
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Fig. 11 Sputter etching rate of Si against that of Si0,
for the Ar* ion beam energy of (a) | keV and (b) 3

keV. The sputter etching rates of Siand SiO, are ob- L T X A kev
tained by the mesh-replica method. The symbols A to i O A:ikeV
G correspond to the organizations. :; - © B:lkeV
% o A BZ'3chI
of NRD is 1 (1/NRD? = | mm™), the sputter etching (a) j— i é : El:::,
rates of the organizations A, B, C and D are clearly g ] V D keV
smaller than those of the organization E and F. These “ b Bia I m— P D 3kev
two cathegories of the organizations use different ion 1 /(NRD along X. Y) !
gun as shown in Table 1, and it is thought that the char-
acteristic of ion gun are shown. 3 T aa ; E ; ::z
2 L @ | % Fllkev
4. Summary ) ;’;j B ": B OF:3keV
We examined the sputter etching rate ratios of Si to .g
Si0O,, which were obtained by mesh-replica method é I
as well as by the depth profiling method. The experi- z o- B ﬂ, ot
0 0.5 1

ments were carried out by seven organizations in SERD 1/(NRD along X. Y)?
project in SASJ. The sputter etching rate ratios of Si
to Si0, were determined to be 1.05+£0.16 and
1.11£0.07 for the Ar* ion beam energies of 1 keV and

3 keV, respectively, from the sputter etching rate of

Fig. 13 (a), (b) Normalized sputter etching rate of SiO,
for the Ar* ion beam energy of 1 keV and 3 keV. The
sputter etching rate of SiO, was obtained by the mesh-
replica method. The unit of the horizontal axis is mm™.
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Si0, obtained by the depth profiling method. Those
were determined to be 1.04+0.10 and 1.02+0.07 for
the Ar* ion beam energies of 1 keV and 3 keV, respec-
tively, from the sputter etching rate of SiO, obtained
by the mesh-replica method. In both cases, the sputter
etching rate of Si was obtained by the mesh-replica
method. _

From the results, it is found that the sputter etching
rate of Si is almost equal to that of SiO,. It is also
shown that the sputter etching rate ratio of Si to SiO,
obtained from the depth profile method is slightly

larger than that of Si to Si0O, obtained from the mesh-

replica method, and we need further investigation to
clarify the difference among these two methods. More-
over, the current study also shows the instrumental
characteristics for the ion guns. If the additional ex-
periments will be carried out using various types of
ion guns, we are expecting that the detailed informa-

tion is acquired.
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