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Sidewall passivation layer thickness and composition profiles of etched
silicon patterns from angle resolved x-ray photoelectron spectroscopy
analysis

Moritz Haass,? Maxime Darnon, and Olivier Joubert
CNRS/UJF-Grenoblel/CEA LTM, 17 avenue des Martyrs, 38054 Grenoble cedex 9, France

(Received 12 March 2012; accepted 17 May 2012; published online 20 June 2012)

In this study, we present a technique to analyze side wall passivation layers formed on silicon
sidewalls after plasma processing. The thickness and chemical composition are derived from angle
resolved x-ray photoelectron spectroscopy analyses. It is a non-destructive, quasi in sitt method to
determine profiles of the thickness and the chemical composition of passivation layers in trenches
up to an aspect ratio of about 3. The performance of this technique to quantify the passivation layer
thickness is compared to a standard technique using secondary electron microscopy images with
respect to two different samples and is found to be at least equivalent. The possible uncertainties
and limitations of this technique are discussed as well. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4729775]

l. INTRODUCTION

The continuous downscaling in the microelectronics indus-
try imposes increasing demands for the pattern transfer, e.g., in
terms of critical dimension (CD) control. Plasma processes can
decrease (e.g., resist “cure” and resist trimming processes) or
increase (non-vertical etch slope in silicon) the CD. One impor-
tant factor of the CD variation during etch processes is the for-
mation of the sidewall passivation layer (SPL) that protects the
structures from lateral etching.'™ Hence, the control of the SPL
is essential to achieve the correct final pattern dimensions.
Unfortunately, it is rather difficult to analyze SPLs in terms of
thickness and chemical composition without air exposure in
order to understand their formation. The most common way to
measure the SPL thickness profile is the use of cross section
images obtained from secondary or transmission electron
microscopy (SEM/TEM) measurements.*> This destructive
ex situ technique compares the etched profiles before and after
an additional wet clean, which selectively removes the SPL (the
thickness profile can be estimated from the differences). In this
case, it is very important to analyze always the same part of the
pattern because of small differences between different lines.
Thus, this technique gives only limited (if not no) information
of the average SPL thickness throughout the pattern. A very
powerful technique to study passivation layers is the combina-
tion of TEM and electron energy loss spectroscopy (EELS).° It
allows highly accurate measurements of the SPL profile and
gives additional information on its chemical composition. Dis-
advantages are the air exposure and the large amount of time
needed for preparation and measurement.

Other studies use non-destructive three-dimensional
atomic force microscopy (3D-AFM) to measure the SPL
thickness.”” But since this technique uses a rather large tip,
it is not suitable for small trench sizes below 100 nm.

The chemical composition of the SPL is often studied
by x-ray photoelectron spectroscopy (XPS)."®"1071 A
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homogeneous pattern of lines and trenches is perpendicularly
analyzed by an XPS system so that the signals from the
trench bottom and part of the sidewalls are shadowed by ad-
jacent sidewalls. The signal from the mask is identified
thanks to a technique of differential charging: an electron
flood gun charges dielectric materials and shifts their peak
positions (binding energies) in the XPS spectra.'®

In principle, it is also possible to estimate the thickness of a
thin overlayer (OL) on a substrate from XPS measurements.'’ 2!
Following this method, Pargon et al.*> compared the XPS signal
of a blanket resist layer to the signal of a resist pattern and calcu-
lated the signal from the sidewall by subtraction. This way they
could estimate the average SPL thickness, but no profile of the
SPL was obtained.

In this study, we report the development of a non-
invasive angle-resolved XPS (ARXPS) technique that pro-
vides at the same time profiles of the SPL thickness and
profiles of the chemical composition. The quasi in situ analy-
sis allows us to investigate the passivation layer directly after
the etch process without exposure to air. Two examples with
different SPL thicknesses are presented and compared to
SEM measurements. Possible errors and limitations of this
technique are also discussed.

Il. TECHNIQUE
A. Thickness analysis of a single overlayer

ARXPS data are frequently used not only to analyze the
chemical composition but also to determine the thickness of
an overlayer on a substrate. Cumpson and Seah'” describe in
detail how to calculate the thickness using intensity ratios for
a simple homogeneous overlayer on a substrate S. If signals
from the same elements in OL and S (e.g., SiO, on Si) are
used, the thickness can be expressed by

. Ior 1
d = Acos(8)In [1 + I RJ’ (1)
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where Ry = Iy, /I, I7° is the intensity of an infinite speci-
men i of substrate or overlayer material, d is the overlayer
thickness, /4 is the attenuation length of the photoelectrons in
the overlayer, and 6 is the emission/detection angle of the
photoelectrons. Several authors have provided theoretical cal-
culations (fitted to experimental data) to calculate the attenua-
tion length, depending on the density, stoichiometry, and in
some cases also the electronic bandgap'”'®?! of the materi-
als. The stoichiometry (mean atomic number Z and mean
atomic mass p) can be extracted from the chemical composi-
tion measured by XPS without taking into account the possi-
ble hydrogen contribution. The other parameters remain more
or less unknown in our case. Since our XPS data of the SPL
indicate a bromine rich silicon oxide layer, we approximate
the density and bandgap by tabulated values of SiO,. By
applying the most used set of equations, published by
Tanuma, Powell, and Penn (TPP-2 M),lg’19 we obtain an
attenuation length of A = 3.367 nm. Similarly, Ry can be cal-
culated or obtained experimentally as shown, e.g., by Seah
and Spencer” who advise to take rather the measured value
than the theoretical value for thickness calculations. There-
fore, we use a value of Ry = 0.778 for the thickness calcula-
tion, obtained from preliminary experiments on SiO,.

B. Thickness of sidewall passivation layers

This technique can also be used to determine the thick-
ness of a SPL directly after the etch process. In order to
reduce the signal to noise ratio, it is necessary to collect as
much signal as possible originating from the sidewalls. For
this purpose, a pattern consisting of lines and trenches with
equal widths is very convenient. This pattern should be
larger than the x-ray spot size from the ARXPS system and
needs to be positioned in such a way that the plane of detec-
tion of the ARXPS system is perpendicular to the orientation
of the trenches. Thus, the average XPS signal originates both
from the mask and the pattern sidewalls (Fig. 1). Each detec-
tion angle 6 corresponds to a different observed area of the

e~ beam

l i’j’i secondary e~

++
mask

(detection angle) 0,

mask

\ B, (analysis angle)

FIG. 1. Sketch of the XPS technique.
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SPL, while the signal from the rest of the SPL and from the
trench bottom never reach the detector since they are
obstructed from the detector by adjacent lines. For large detec-
tion angles, all photo-electrons from the SPL are blocked and
the measured signal originates only from the mask. Therefore,
the number of data points for the SPL is reduced, especially
for thinner trenches. The detection angle defines also the maxi-
mal aspect ratio that can be analyzed. The aspect ratio is the ra-
tio of the probed trench depth (including the mask) over its
width. It is a more convenient parameter to use if trenches
with different widths are studied.

In a second step, the SPL signal has to be isolated from
the mask signal. This can easily be done, if the pattern stack
consists of a dielectric mask (e.g., SiO,) on top of a conduct-
ing bulk material (e.g., trenches in bulk silicon). In this case,
it is possible to charge the dielectric mask separately from
the trench walls, which results in a shift of the binding ener-
gies in the mask material. Consequently, the peak positions
from the mask signal in the XPS spectra are also shifted.'®
The differential charging is carried out by applying an elec-
tron beam dedicated to neutralize accumulated charges on
dielectric surfaces. Depending on the electron beam energy,
the mask can be charged either negatively due to an accumu-
lation of negative charges (low energy beam) or positively
due to the loss of secondary electrons (high energy beam). A
positive mask charge shifts the XPS peaks to higher binding
energies and vice versa.”*

The extracted signal gives information on the average
chemical composition (without hydrogen, which cannot be
detected by XPS) of the SPL of the measured area along the
trench sidewall. The average SPL thickness is calculated
with Eq. (1).

Using the average thickness and chemical composition,
it is possible to obtain the signal intensities from each part P
of the sidewall using the angle resolution of the XPS system
(see Fig. 1). P is defined as the area that is observed addition-
ally going from a rather flat detection angle (0,) to a steeper
angle (0,). However, the signal intensities of the observed
sidewall areas (A; and A,) at different angles cannot be sub-
tracted directly to obtain the signal from P due to their de-
pendence on the detection angle.'” Thus, it is necessary to
calculate the theoretical signal from area A; at the detection
angle 0,. Taking this into account, we can estimate the sub-
strate and overlayer signal intensities of part P of the SPL,

o, 1 —exp[=di/icos(p,)]

o =1 - : 2
ok = ot ~lokar T exp=dy freos )]

and
]g?p:IQZ 0 exp[—d; /Acos(f,)] 3)

S expl—dy ficos(By)]

where the emission angle f5; is defined with respect to the
surface normal so that f5; = 90° — 0; (assuming a vertical
trench sidewall). From the obtained signal intensities, the
chemical composition and the thickness can be calculated
for each part P of the sidewall, resulting in a profile along
the sidewalls.
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lll. UNCERTAINTIES AND LIMITATIONS
A. Assumptions and possible errors

Although this technique proves to be quite accurate, as
shown later, we still need to keep in mind the assumptions
that are made to determine the SPL thickness and the possi-
ble errors that they imply.

(1) We need to assume that the XPS measurement procedure
itself results in reliable data. Seah® evaluated uncertain-
ties in thickness measurements using XPS for ultrathin
SiO, on Si and reported an uncertainty of 0.4nm over
the range 2.5 < d < 7.8 nm only due to the analysis pro-
cedure and hardware. However, since the data are always
obtained in the same system, the relative change between
different samples should be unaffected.

(2) Furthermore, we assume the presence of vertical side-
walls. In our case, the sidewall slope is changing by not
more than 3° (from the vertical case) between trench top
and bottom. Nevertheless, this leads to an error in the
thickness estimation of between 2% and 14%, depending
on the detection angle (see Eq. (1)).

(3) Also, we use a simple bi-layer model where the over-
layer is treated as a homogeneous material. Since the for-
mation of the passivation layer is a continuous process in
a rather stable environment, this assumption might be
quite accurate; but due to a lack of information on the
SPL, we can neither validate it at this point nor estimate
an error.

(4) The attenuation length 7 is calculated using the stoichi-
ometry of the XPS measurement as well as the density
and the bandgap data from SiO,, due to the lack of infor-
mation on the bromine rich silicon oxide passivation
layer. For the same reason, Ry is determined experimen-
tally for SiO,. Seah and Spencer™ discuss in detail the
errors in the determination of a thin SiO, overlayer
thickness, which are related to theoretical and experi-
mental values of Ry and A. They cite a variation of Ry
between 0.67 and 0.87 for previously published experi-
mental values. In addition, they determine themselves R
experimentally and theoretical and find values of 0.88
and 0.53, respectively. Regarding the attenuation length
A, they report an agreement between the theoretical and
experimental values within an error of 10%. Other stud-
ies state a root mean square deviation of the estimated
values from experimentally obtained attenuation lengths
in a range between 1% and 20%,'"*° depending on the
probed materials and the used material properties. More-
over, the experimental results presented later indicate
that the chemical composition changes slightly with the
aspect ratio (but not significantly with the trench width)
which decreases additionally the confidence in R and /.

Considering all the above, we estimate the correspond-
ing uncertainties by very conservative values, namely, by
Ry = 0.778%+0.30 and 4 = 3.367£0.7 nm. These values lead
to an uncertainty of the thickness of 21%-28% (depending
on the ratio of Ip; /Is) and 20%, respectively. It should be
mentioned that an error in 4 results only in a constant offset

J. Appl. Phys. 111, 124905 (2012)

for all sets of data points and, thus, the relative behavior
should remain unaffected.

The resulting probable total error is calculated to
29%-40% by using the Gaussian error propagation.

B. Limitations

The presence of both a dielectric mask and a conducting
sidewall is necessary to charge the mask differentially in
order to distinguish between the two signals. For large detec-
tion angles (small angle with respect to the sidewall surface),
the photoelectron refraction will increasingly disturb the
XPS measurement'’° so that the maximal analyzable aspect
ratio is approximately 3. Also, for SPL thicknesses larger
than ~10nm, the signal originating from the substrate is too
small to estimate the thickness. Furthermore, it is necessary
to have access to the relevant hardware, namely, the quasi in
situ XPS system and adequate pattern structures. Finally, the
time of acquisition for one pattern is quite high and ranges in
the order of 2h, depending on the signal to noise ratio. De-
spite these limitations, we think that this technique is a
powerful method to analyze accurately the SPL.

IV. EXPERIMENTAL DETAILS

This technique is used here to study the sidewall passi-
vation layer formed during the plasma etching of silicon
trenches with a single layer hard mask of 50 nm silicon oxide
in an HBr/O, chemistry. Each analyzed pattern consists of
lines and approximately 300nm deep trenches with equal
widths. The lines are patterned by electron beam lithography
and form areas of 1 mm x 1 mm.

The etch experiments are carried out in a commercially
available 300 mm AdvantEdgeTM DPS etch tool from Applied
Materials, Inc. The plasma is sustained by two antenna coils,
powered at 13.56 MHz, while the chuck is biased via a
capacitively coupled RF power source, likewise working at
13.56 MHz. The power supply is modified with the PulsyncTM
system to allow pulsing of the source and bias power with
frequencies between 100 Hz and 20 kHz and duty cycles
between 10% and 90%. More details about the reactor can
be found in the literature.?” By using the pulsing capability,
we are able to change the SPL compared to a standard con-
tinuous wave (CW) process in order to verify the perform-
ance of our technique.

The angle resolved XPS measurements are performed in
a customized Thermo Electron Theta 300 spectrometer
which is connected to the etch reactor via a vacuum transfer
system.?® The XPS system is equipped with a high resolution
monochromatic Al Ka source at 1486.6eV. For our experi-
ments we used 8 different nominal detection angles ranging
from 23.5° to 72.5° referred to the normal of the wafer, each
with an acceptance angle of +3.50°. The x-ray spot size was
set to 400 um, which is small compared to the size of the pat-
tern area and the acceptance spot size of the detector (for all
angles). Thanks to the laser aligner from the etch tool the ori-
entation of the wafer can be controlled with a precision bet-
ter than 2°. Moreover, the spectrometer is equipped with an
electron beam system for charge neutralization. The electron
beam energy is set to 300eV in order to charge the dielectric
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Shifted XPS Signal from Si (100 nm Trench)
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FIG. 2. XPS signal from Si: the signal from the oxide mask is shifted to the
left towards higher binding energies due to the secondary electrons produced
from an electron beam with an energy of 300eV.

mask positively due to the loss of secondary electrons. This
results in a shift of the peaks of the thin oxide mask of
around 4-6 eV towards higher binding energies, as shown in
Fig. 2 for the Si signal. In this figure, the Si(2p,,,) contribu-
tion of each designated double peak was subtracted before-
hand to simplify the identification of the peaks. After
identifying the shifted contribution of the mask, it can be
removed so that only the signal from the sidewalls remains.

V. RESULTS

In Fig. 3(a), the local thickness from each part P of the
sidewall is shown for several trench widths. The XPS data
for the 50 nm trenches, which are shown in the other graphs,
were not acquired for the profiles from the CW experiment.
We observe that the SPL thickness profile only depends on
the aspect ratio but neither on the probed trench depth nor on

(a) SPL Thickness Profiles - CW - ARXPS
0

J. Appl. Phys. 111, 124905 (2012)

the trench width. With a larger aspect ratio, the SPL thick-
ness decreases, principally due to the reduced collection
angle of etch by-products from the gas phase that form the
SPL. Also, the reduced exposure time of the SPL to the etch
plasma with increased trench depth might play a role. How-
ever, since we observe no dependence of the SPL thickness
on the trench depth only, the exposure time is thought to be a
minor factor.

Another aspect, showing the accuracy of the technique,
is the decrease of the SPL thickness for small aspect ratios
(top of the trenches). The analyzed samples were etched in a
process that leads to a strong mask faceting, leaving the top
of the sidewalls less protected by the mask. Consequently,
the top of the patterns are partly etched and we expect to see
a thinner SPL on the surface which is in very good agree-
ment with the presented XPS data. A similar profile was also
found by Detter et al.’

In order to further verify the results from the ARXPS
analysis, we used a SEM to measure the SPL from cross-
sections of the trenches. The SPL can be removed in a short
bath in HF so that the thickness can be obtained from meas-
urements before and after HF application.*>

Unfortunately, this technique is not very accurate. First,
the resolution of the SEM used in this study is not better than
3nm. Moreover, only a very limited part of the pattern can
be observed with a cross-section. This makes the measure-
ment only a random sample and the real average for the
whole pattern remains unknown. Nevertheless, the SEM
images can give us an estimation of the absolute SPL thick-
ness and its evolution with changing aspect ratio.

In Fig. 3(b), the results from the SEM analysis are
shown for comparison. Although the SPL thickness for a
specific aspect ratio seems to depend also on the trench

(b) SPL Thickness Profiles - CW - SEM
0
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FIG. 3. Layer thickness profiles for dif-
ferent trench widths obtained from
ARXPS (a) and (c) and SEM (b) and (d)
measurements.
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width, we do not observe any definite trend (e.g., thinner
SPL thickness in thinner trenches). Thus, we attribute this
variation to the large error in the SEM analysis technique.
Still, the absolute values of the SPL thickness as well as the
thickness profile are in very good agreement, validating Ry
and the parameters used to calculate the attenuation length.

In a next step, we etched another pattern in the same
process, but instead of a continuous wave RF voltage, we
used a pulsed process to decrease the SPL thickness. Details
to the SPL thickness reduction in pulsed processes will be
discussed in a following article. In Figs. 3(c) and 3(d), the
results from the XPS technique and the SEM calculations are
shown. The XPS analysis indicates an SPL thickness of less
than 2 nm for most of the probed area which is inside the re-
solution limit of 3nm of the SEM. This could explain the
offset to slightly larger values for the SEM measurements.
Still, both results are in good agreement, considering the
large error for the SEM data. For a concluding evaluation of
the XPS results a comparison to a more accurate technique
like TEM would be necessary.

Fig. 4 shows the atomic percentage of bromine in the
SPL from the CW case versus the aspect ratio of the investi-
gated trench section for different trench widths. The amount
of bromine is clearly dependent on the aspect ratio, but the
variation is too large to identify any dependence on the
trench CD. This is also true for the other elements present in
the SPL, namely, silicon and oxygen. Therefore, we average
the chemical compositions for each aspect ratio (part P) over
the range of trench CDs. In Fig. 5, the entire averaged chemi-
cal composition of the SPL versus the probed aspect ratio is
presented without the contribution of the bulk silicon for the
CW experiment. We observe that with increasing aspect ra-
tio the amount of oxygen in the SPL decreases and the
amount of bromine increases. This is probably also linked to
the change in collection angle of species from the gas phase,
which is necessary to form the passivation layer. We believe
that oxygen plays in this case the major role. With a larger
collection angle, equivalent to a smaller aspect ratio, the ox-
ygen flux increases and can further oxidize the SPL.*'?
More details on the formation of the passivation layers in
HBr/O, plasmas will be presented in a following article.

Atomic % of Bromine in the SPL

50
40
) /‘S~A
/ = |
O\O 30 ‘_4' : /
(&) 4/ @
= ¥ \Y —s— 45nm
o 20 —eo— 55nm|]
< —A— 60 nm
10 75 nm|_|
—e— 85nm
—<—100 nm
0
0 1 2 3

Aspect Ratio

FIG. 4. Evolution of the bromine contribution in the SPL from the CW
experiment for different aspect ratios and trench widths.
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Mean Chem. Comp. Profile of SPL
100+
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FIG. 5. Chemical composition of the SPL from the CW experiment with
respect to the aspect ratio: averaged data from all trench widths. The contri-
bution of the bulk silicon is removed.

VI. SUMMARY

We have presented a non-destructive quasi in situ tech-
nique to investigate the sidewall passivation layer after etch-
ing, giving a determination of the thickness and the chemical
composition up to an aspect ratio of about 3. Thanks to the
angle resolved resolution of the XPS system, it is possible to
calculate profiles of both the thickness as well as the chemi-
cal composition without previous air exposure. The compari-
son with SEM measurements for two processes with very
different deposited SPLs show a very good agreement
between both techniques for the determination of the
thicknesses.
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