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Composition profiling of thin films in the nanometer range is critical to the development of future
electronic devices. However, the number of techniques with such depth resolution is limited. Among
them, angle-resolved x-ray photoelectron spectroscopy (ARXPS) can be used for thin layers up to a
few nanometers, but it is not yet a fully established method. In order to evaluate its capabilities for
use as a routine and general method, the authors evaluate both its intrinsic capabilities in comparison
with other methods and the factors affecting quantification by analyzing its variability when applied
at various laboratory locations with different tools and data treatments. For this purpose, dedicated
samples based on multilayers of HfO, and SiON were produced with a well-determined layer struc-
ture. The results show that ARXPS, including depth profiling reconstruction, is very efficient and
compares favorably with nuclear analysis techniques. It allows the separation of the surface contami-
nation signal from the interfacial layer signal and allows determination of the coverage quantita-
tively. An accuracy of =10% is achieved for most elements except for nitrogen, where strong peak
interference with hafnium and a low intensity increase the inaccuracy up to 20%. This study also
highlights several technique limitations. First, the quality of the retrieved profile is strongly depend-
ent upon the exact determination of each photoemission peak intensity. Also it demonstrates that,
while favorable for chemical identification, very high resolution spectra may lead to larger errors in
profile reconstruction due to larger statistical errors in the intensities, though this is true mainly for
deeper layers. Finally, it points out the importance of the physical parameters used in the final

obtained results. © 2012 American Vacuum Society. [http://dx.doi.org/10.1116/1.4704603]

. INTRODUCTION

In recent years the ongoing transistor performance
increase has been possible thanks to, among other things, the
introduction of materials with higher dielectric permittivity
as a gate oxide.' As leakage current became unacceptable
due to the decreasing gate oxide thickness, the replacement
of SiO, by higher-k materials allowed for an increase of the
physical thickness of the gate oxide (i.e., reduction of the
leakage current) while keeping a low electrical thickness.
The first devices based on this concept were made by intro-
ducing nitrogen into SiO,.*> Early on it was already recog-
nized that the exact distribution of nitrogen in the gate oxide
was a critical parameter in obtaining high performance.*
However, the number of techniques with sufficient depth re-
solution to provide composition profiling within a few nano-
meters from the surface is limited. The most commonly
known are transmission electron microscopy (TEM) com-
bined with electron dispersive spectroscopy and/or electron
energy loss spectroscopy (EELS)®; nuclear techniques such
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as high-resolution Rutherford backscattering spectrometry
(HR-RBS),” medium energy ion scattering (MEIS),® or elas-
tic recoil detection (ERD)’; time-of-flight (TOF-) secondary
jon mass spectroscopy (SIMS)'® and angle-resolved x-ray
photoelectron spectroscopy (ARXPS).!'™"* In addition to
accurate depth resolution and the possibility to quantify
results, the best technique should be reasonably widespread
and routinely available, which limits the use of nuclear anal-
ysis techniques. Although SIMS techniques have shown
good nanometer scale profiling capabilities for SiON thin
films,'*!” it was also reported that most of the high-k profiles
obtained by sputter depth profiling were plagued by ion
beam sputtering artifacts.'®' Thus, a nonsputtering method
like ARXPS, whereby the depth information is based on the
depth dependent signal attenuation, may appear as a better
candidate for thin film composition profiling. However, the
latter requires a complex data reconstruction algorithm
whose validity and uniqueness of results is still debated'?
and where the potential method limitations even for simple
systems such as SiON (Ref. 20) have been indicated.
Notwithstanding these considerations, ARXPS reconstructed
depth profiles have already been applied to many different

© 2012 American Vacuum Society 031509-1
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systems with various successes.”' Given the limitation of sput-
tering techniques for high-k materials, it appeared necessary to
study ARXPS possibilities and limitations in more detail. In
order to consider its capabilities as a routine and widespread
method, we approached this assessment not only by analyzing
the intrinsic capabilities of the method in comparison to other
analysis methods, but also by analyzing its variability when
applied at various laboratory locations. For this purpose, dedi-
cated multilayer samples of HfO, and SiON were produced
with a well-determined layer structure and analyzed through
different techniques. Rather than imposing a standard analysis
method/protocol (which was not possible due to tool and soft-
ware diversity), each participant was free to use his own
“optimum” approach. With this motivation, one can capture
the errors currently occurring across the entire community
when similar structures are (routinely) analyzed. Based on this
study, the need for a stricter protocol and a more consistent
data treatment can be identified.

Il. EXPERIMENT
A. Sample description

Each sample was formed by growing a dedicated stack on
200 mm Si wafers, as described in Table I. Layer thicknesses
given in Table I are only indications, as they correspond to
the nominal/processing thicknesses. The production proc-
esses selected to produce the different layers were such that
sharp interfaces are expected between each layer.

As the high-k layer, we selected a 2.5nm HfO, layer
grown by atomic layer deposition (ALD) at 300 °C from
HfCl, and H,O precursors. This process was selected due to
its good uniformity and its low growth temperature, thereby
avoiding potential indiffusion or intermixing. As this ALD
process does not produce high quality layers when grown
directly on Si,”*** an interfacial layer was introduced. We
selected either a 1 nm chemical oxide, grown by an ozonated
process (IMEC clean),>* or a 1.6nm SiON layer produced
by a direct plasma nitridation process.”

On top of the HfO, layer, a third layer was grown for
samples 1, 4, and 5. This third layer was an SisN, CVD layer
that was expected to oxidize in the air. The thickness of the
top SizNy layer was chosen to be ~2nm for sample 1 and
~0.5 nm for samples 4 and 5.

On sample 1, both a thicker HfO, (5nm) and a thicker
SiON (2nm) layer were produced in order to test the possi-
bility of distinguishing an SiO, layer under a thick layer
while an Si(O)N layer is present at the top surface. Hence,
such a thick layer structure is expected to be beyond the

TaBLE I. Sample description.

Sample number Top High-k Interface Substrate
1 SiON2nm  HfO, 5.0nm SiO, 1 nm Si
2 HfO, 2.5nm SiO, 1 nm Si
3 HfO,2.5nm  SiON 1.6 nm Si
4 SiON 0.5nm  HfO, 2.5nm SiO, I nm Si
5 SiON 0.5nm  HfO,2.5nm  SiON 1.4nm Si
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XPS capabilities. Samples 2 and 3 were designed as simple
two-layer systems with or without nitrogen at the bottom
interface, while samples 4 and 5 were complicated by the
presence of nitrogen and Si also present at the top surface.
The choice of HfO, as the high-k material resulted from
its industrial relevance. It must be mentioned that, in this
case, additional difficulties arose for XPS to retrieve the
nitrogen concentration. Indeed, there is interference between
the N 1s photoemission peak and the energy loss peak from
the Hf4d photoemission peak leading to difficult nitrogen
quantification at low concentration in Hf-based materials.

B. Sample qualification
1. Uniformity

In order to perform a reliable results comparison between
the different measurement approaches, we must ensure that
all the measurements are performed on an identical sample
structure, which, of course, raises the question of the produc-
tion process uniformity. All samples corresponding to the
same layer structure originated from the center part
(~12 x 12 cm?) of a single wafer. The uniformity investiga-
tion was performed in two successive steps. First, ellipsome-
try measurements were performed using an F5 spectrometer
from KLA-Tencor. The thickness measurements were ana-
lyzed using a single-layer model. As a consequence, the
measured thickness should not be taken as absolute exact
values, but only as indications of relative variations.

Figure 1 presents the thickness and standard deviation
measured on samples 2-5. The standard deviation across the
wafer was measured in a circular mapping of 81 points with a
10 mm exclusion edge and, in all cases, was found to be less
than 0.1 nm, which highlights the reproducibility of the meas-
urements. Although the measured thicknesses should not be
taken as absolute exact values, they do reflect the expected
variations in relation to differences in process conditions.

Regarding the across-wafer uniformity, a thickness gradi-
ent was observed on all wafers (Fig. 2). In order to identify
the origin of the measured gradient, ARXPS mapping was
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Fic. 1. Average ellipsometry thickness (nm) and their standard deviation
measured on 81 points at the wafer surface.
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2.7593 - 2.793

2.7257 - 2.7593
2.692 - 2.7257

2.6584 - 2.692

2.6247 - 2.6584
2.5911 - 2.6247
2.5574 - 2.5911
2.5238 - 2.5574
2.4902 - 2.5238
2.4565 - 2.4902

Fic. 2. (Color online) Ellipsometry thickness mapping (nm) of sample 5.

performed on all samples (data not shown). According to
these data, it is clear that the gradient originated from a
slightly thicker HfO, layer at the edge of the wafer. The HfO,
thickness variation remains limited to a maximum of 1A
within the limited 12 x 12 cm? area used for this study, which
was not considered to be critical for the study (Table II).

2. Sample stability

Since samples were measured over an extended period of
time, their stability should be checked. Particularly for the
three samples with a surface Si;Ny layer it was important to
analyze the aging (oxidation) of this layer as a source of dis-
crepancy between the different groups. In order to analyze
this effect, we measured the XPS spectra soon after the layer
deposition and again several months later. The results are
presented in Fig. 3. On the Si 2p spectra from sample 1, a
clear increase in intensity on the high binding energy side is
observed with aging, due to surface oxidation of the SizN,4
layer. The measured top oxide thickness grows from
~0.4nm shortly after deposition to ~1.1nm, typical of a
native oxide after several months of air exposure. In sample
4, one sees an important decrease (~1/3) in the measured
nitrogen dose after aging. This, unfortunately, leads to a
nitrogen concentration at the surface below the detection
limit for HR-RBS. All results presented in this work relate to
measurements performed on aged samples, which can be
considered as fully stabilized and suited for intercomparison.

TasLE II. Average HfO, and SiO, thickness, standard deviation, and abso-
lute thickness range measured on the 120 central millimeters of each wafer.

Wafer Material Mean (nm) Sigma (%) Range (abs) (nm)
1 HfO, 3.27 2.60 0.35
SiO, 1.40 1.23 0.08
2 HfO, 2.12 1.15 0.11
SiO, 0.81 6.56 0.23
3 HfO, 2.21 0.99 0.09
SiO, 1.37 3.33 0.16
4 HfO, 2.32 1.22 0.13
SiO, 1.05 1.02 0.04
5 HfO, 2.54 1.30 0.14
SiO, 1.21 0.91 0.05
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FiG. 3. Si 2p spectra (a) from sample 1 and N 1s spectra (b) from sample 4
measured soon after processing (black) and after several months (gray).

C. Analysis techniques

This work deals with the results from 12 groups and cov-
ers several techniques. The techniques used in this study are
based on electron microscopy: TEM (two groups); ion beam
analysis: HR-RBS (two groups); ERD (one group); MEIS
(one group) and XPS. Distinction should be made between
ARXPS by sample tilting (three groups) and ARXPS in par-
allel acquisition mode (four groups). Throughout this article,
the results will be identified by their group number as given
in Table III. Not all groups have reported results for all sam-
ples. In addition, composition depth profiles were not
reported by the “tilted ARXPS” groups.

TEM experimental details were the following: for one
group, samples were analyzed by means of cross-section
transmission electron microscopy. The TEM was used in
scanning mode with an electron beam diameter of <0.3 nm.
Imaging was done using a so-called HAADF detector, giving
predominantly Z-contrast images (heavy elements appear
bright). Elemental composition was studied by means of
EELS and energy dispersive x-ray analysis. The other group
used a Tecnai F30 operating at 300 kV with an electron-beam
diameter of ~1 nm. The sample preparation method was con-
ventional ion milling (precision ion polishing system).

MEIS analyses were carried out using a nominally
100keV He™ ion beam in double alignment configuration,
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TaBLE III. List of groups involved in the intercomparison together with the
technique applied.

Group number Technique

1 ARXPS (AR nontilted sample mode)
2 HR-RBS

3 TEM

4 TEM

5 MEIS

7 ARXPS (AR nontilted sample mode)
9 ARXPS (AR nontilted sample mode)
10 ERD

12 ARXPS (AR nontilted sample mode)
13 XRR

4 XPS (AR tilted mode)

15 XPS (AR tilted mode)

16 HR-RBS

where the channeling direction was along the [—1—11] axis
and the blocking direction along the[111] axis. The overall
near-surface depth resolution obtained for these conditions
was better than 0.7 nm, with the resolution reducing with
increasing depth in the sample due to energy straggling.

The HR-RBS measurements were performed using an
analysis beam of 450keV He™ at an incident angle of 45°
from the normal to the (101) plane of the sample.

High resolution elastic recoil detection measurements
were performed on a 14 MV tandem accelerator. A 40 MeV
Au ion beam at an incident angle of 10° with respect to the
surface plane was used. Such a heavy incident ion can recoil
target atoms in the forward direction and these recoiled ions
were momentum analyzed by a Q3D magnetic spectrograph
and detected by a gas ionization chamber. The energy reso-
lution of the spectrograph was 0.05% with an acceptance
angle of 5 mrad. This excellent energy resolution ensures a
depth resolution better than 1 nm at the surface. The Si pro-
file from sample 3 was also measured with 170 MeV iodine
ions.

The ARXPS measured in tilted mode were performed on
three different instruments. All used monochromatized Al
Ko radiation. The spectrometers were operated with a wide
angular acceptance of 30°—40° and cannot be considered as
high-resolution ARXPS.

All ARXPS in the parallel detection mode experiment
were performed on Theta instruments from Thermolnstru-
ment, using monochromated Al Ko radiation at 16 different
emission angles between 22° and 78° as measured from the
normal of the samples. Different energy resolutions were
used for the measurements performed by different groups.

lll. RESULTS AND DISCUSSION
A. Methodology

1. Studied layer characteristics

Three main characteristics were compared on the differ-
ent samples: thickness, composition profile, and chemical
state. This study will focus on the analysis of layer thickness
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and composition profile since XPS is the only technique able
to provide information about chemical states.

Regarding thickness, both individual layer thickness and
total layer thickness will be compared. Indeed, a larger error/
discrepancy is expected for the individual thickness. Individ-
ual layer thickness may also not be available in all cases,
particularly when only composition profiles are retrieved
from the data. In the THERMO software, the mean free paths
derived from the TPP-2 model were selected.”® It was
checked that these mean free paths corresponded to the
National Institute of Standards and Technology (NIST)
effective attenuation length database (within 2%).%

Also, full depth profiles could not always be directly com-
pared from one group to another. First, due to the difference
in analysis technique, one does not obtain comparable infor-
mation; for instance, XPS profiles can be decomposed into
profiles from different chemical states, while TEM, HR-
RBS, MEIS, and ERD only have access to elemental infor-
mation. Thus, depth profile will be compared mainly from
an elemental composition profile point of view. The XPS
data were converted by adding together all concentrations
from a given element. Second, errors in total thickness
appeared due to inaccuracies in the parameters (mean free
path length, stopping power, material density, etc.) determin-
ing the depth scale. For nuclear techniques and photoemis-
sion we have to assume material densities in order to
reconstruct the profiles. The densities used in this study were
taken from Ref. 28. Finally, uncertainties in emission angles,
scattering angles, etc., may introduce additional errors prop-
agating through the entire depth profile. Hence a direct
comparison (without any normalization) reveals strong dif-
ferences. In order to understand their origin (data algorithm,
resolution, calibration, etc.), a further comparison is per-
formed in two steps. First, a qualitative comparison of the
profile shape is performed by rescaling the profile in order to
align the interface with the Si substrate. This removes all
uncertainties on depth scale and allows us to understand
the factor limiting depth sensitivity and concentration quan-
tification. In a second step, a quantitative comparison is
performed based on calculated atomic coverages (doses in
at.Jem?).

2. XPS data treatment

a. Nitrogen interference. One of the major issues for
XPS data treatment is the determination of the nitrogen
intensities and, thus, N concentrations. As mentioned earlier,
strong intensity interference occurs between the N 1s peak
and the energy loss peak of the Hf4d peak. Different groups
did use different methods to remove this interference, as
listed in Table IV, which leads to major differences between
nitrogen concentration determinations. For instance, on sam-
ple 3, group 12 reported the absence of nitrogen. This evi-
denced the first (expected) critical factor in the use of
ARXPS: standardized background estimation is crucial for
obtaining systematic results. As a consequence, a unified
data treatment was applied to all ARXPS data: N s inten-
sities were retrieved by fitting the N ls region with an
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TaBLE IV. Data treatment summary from participating XPS groups.

031509-5

Group 1:
O 1s: Total O intensity was used.

Si 2p: A single peak was used for the oxidized and nitrided Si component, except for sample 1, where two peaks were used.

N 1s: The experimental spectrum from an HfO, film was used as background and a nitrogen peak was added for the fit.

THERMO software was used for depth profile reconstruction.

Group 7:

Si 2p: Two peaks were used for the oxidized and nitrided Si component.

O 1s: Two peaks were used corresponding to oxygen bounded to Hf and to Si, respectively.
N 1s: A single peak (FWHM limited) was used on top of a Shirley background.
THErMO software was used for depth profile reconstruction.

Group 9:

O 1s: Total O intensity was used.

Si 2p: A single peak was used for the oxidized and nitrided Si component, except for sample 1, where two peaks were used.

N 1s: The plasmon peak from Hf was fitted with Gaussian—Lorentzian peaks and N 1s peaks were added.

THERMO software was used for depth profile reconstruction.

Group 14:

Total peak intensities were used for compositional profiling.

Depth profiles were calculated from a maximum entropy method but were used mainly to determine the “layering” of the system.
N 1s peak was fitted with a linear background and several chemical states.

Group 15:

Hf, Si, and O peaks were fitted using multiple chemical components.

Total intensity of N Ls above a linear background was used.

ArcrTick software was used for layer thickness and stratification.
This group was the only one using the Hf4d peaks for Hf analysis; the other groups were using the Hf4f peak.

experimental loss spectrum of the Hf4d peak and a
Gaussian—Lorentzian component.

b. Layer thickness determination. In TEM, thickness
extraction is a direct measurement of the recorded images.
For nuclear techniques, thicknesses are derived from the
conversion of the atomic coverage (at./cm?) using standard
densities.”® In XPS, layer thickness calculations were per-
formed using the model described in Ref. 29. For a thin layer
on a substrate, the equation providing the thickness is given
by

d = A cos(0) ln[l +R} ,
Ry

where d is the layer thickness, 4 is the mean free path of the
detected electron in the overlayer, 0 is the angle of emission,
R is the intensity ratio of the overlayer on the substrate, and
Ry is the intensity ratio of a semi-infinite layer of the consid-
ered elements.

This model can be generalized for multiple layers with a
sharp interface by fitting the angular dependence of the in-
tensity ratio between adjacent layers.”” One severe limitation
of this method is that each layer has to be represented by an
independent photoemission peak. For instance, in this study
the layer thickness of the triple stack SiION/HfO,/SiON can-
not be determined because the same elements are present in
the top and the bottom layer.

c. Depth profile reconstruction. The depth profile recon-
struction from ARXPS data was performed using a maxi-
mum entropy routine similar to the one described in Ref. 30.
It is well known that no unique solution is achieved in the
conversion of ARXPS intensities into composition depth
profiles, which makes least square fitting unfeasible. The
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introduction of the entropy term allows stabilizing the solu-
tion and the optimization is achieved by maximizing the join
probability function,

0 = aS — 0.5¢°,

where the entropy term is given by

Ci:
— N Lt
S—E E Cji — Cj; ¢jilog o |
i

j It

with ¢;; representing the concentration of element i in layer j
and o is a regularizing parameter.

The profiles were reconstructed using the Thermolnstru-
ment software ARPROCESS. In this reconstruction, the mean
free path is determined using a two-layer model (HfO,/Si)
with the TPP2 formula, i.e., using a unique mean free path
per photoemission peak through the whole overlayer. Stoi-
chiometric constraints are used in the overlayer. This proce-
dure leads to realistic depth profiles reflecting the overall
shape, but they are susceptible to deviations regarding depth
scale as a consequence of the assumption of a homogeneous
overlayer for the mean free path. When incorrect depth
scales are used with assumed bulk densities errors will be
propagated to the conversion into element coverage. This
software also does not take into account possible elastic scat-
tering effects. A more physically based approach is possible
using Simulation of Electron Spectra for Surface Analysis
(SESSA) software from NIST-TU Wien.>!+3? Auger-electron
and photoelectron spectra can be simulated for layered sam-
ples based on physical parameters present in several data-
bases; differential inverse inelastic mean free paths, total
inelastic mean free paths, differential elastic scattering cross
sections, total elastic scattering cross sections, transport
cross sections, photoelectric cross sections, photoelectric
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asymmetry parameters, electron-impact ionization cross sec-
tions, photoelectron line shapes, Auger-electron line shapes,
fluorescence yields, and Auger-electron backscattering fac-
tors. The simulated spectra, created using layer compositions
and thicknesses specified by the user, can be compared with
measured spectra and layer compositions and thicknesses
can then be adjusted to find the maximum consistency
between simulated and measured spectra. In this work, XPS
data were simulated using internal databases provided with
the software. The sample models were based on a multilayer
structure reflecting the processing sequence (two or three ho-
mogeneous layers), with an additional “surface contami-
nation” layer containing C and O. The structures are
simulated with a sharp interface as expected from the proc-
essing parameters. For each layer, thickness and composition
were modified in order to achieve a satisfactory agreement
between the measured and calculated angular dependent
XPS intensities. However, as no optimization routine is pro-
vided, SESSA is not suited for full depth profile reconstruc-
tion and was only used as a check for quantitative profiles.

B. Reference profile

For each of the studied samples reference profiles were
needed to evaluate the accuracy of the ARXPS profiles. For
that purpose, nuclear techniques were included as they
should provide an accurate reference profile. According to
Amsel and Battistig, 33«While Ton Beam Analysis (IBA) is
insensitive to the chemical state of the atoms analyzed, it is
unique in particular for determining with high accuracy and
sensitivity absolute atomic quantities or concentrations
[...].” Unfortunately, for the structures studied in this project
that assumption is far from reality. Indeed, even for the sim-
plest layer structure (sample 3: HfO,/SiON/Si) significant
discrepancies were observed between the three nuclear tech-
niques. Even qualitatively, substantial differences between
these methods have been observed.”''3#35 For instance,
profiles recorded from ERD measurements with 40 MeV Au
show a significant amount of Si inside the HfO, layer. This
is clearly an artifact created by strong multiple scattering; it
is easy to prove by techniques such as TOF-SIMS that there
is not any Si in the layer. As an alternative, sample 3 was
also measured with ERD using 170 MeV iodine, which
removes the artifact. In this case, a good agreement is
obtained between ERD and HR-RBS. However, as HR-RBS
also suffers from a relative lack of sensitivity to nitrogen, in
particular for the capped layers, the ERD profiles will be
used in the rest of this article as reference profiles where no
nitrogen is detected by HR-RBS. However, since not all
samples were remeasured by ERD the ERD Si intensity in
the HfO, layer will be neglected.

C. Physical information
1. Layer thickness

a. HfO,/SiO./Si (sample 2). The simplest sample of this
study has a double-layer structure HfO,/SiO,/Si (sample 2).
Figure 4 presents the thickness determined by the different
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FiG. 4. Layer thickness (nm) determined for sample 2 by each of the groups.
The total thickness is the sum of the SiO, interfacial layer thickness and the
HfO, layer thickness.

groups with the different analysis techniques. It presents
both the individual layer thickness of the HfO, and SiO,
layer as well as the total layer thickness. The determination
of the SiO; layer thickness is fairly reproducible between the
different techniques. Taking all data into account, we find
the HfO,, SiO,, and total layer thickness to be on average
2.46, 0.85, and 3.30nm with a standard deviation of 0.20,
0.29, and 0.32nm, respectively. Clear outliers are found
for group 7 (ARXPS) and group 13 [X-ray reflectometry
(XRR)] on the SiO, layer thickness. Group 16 (HR-RBS) is
not considered as an outlier because the thickness has been
calculated from the oxygen depth profile with a very low
data density, leading to a substantial uncertainty. The very
small SiO, thickness determined by XRR is a consequence
of the difficulty to determine the interface thickness due to
the small difference in electronic density between SiO, and
Si. The large SiO, interfacial layer observed by group 7 can
be explained by a contamination problem (which is
described in more detail later). The HfO, layer thickness
presents only one outlier for group 3, which is not explained.
If the understood outliers for the SiO, layer thickness are not
taken into account, the average thickness increases slightly
to 0.89 nm, but the standard deviation drastically decreases
to 0.07 nm.

Concentrating on the ARXPS data, Table V presents the
layer thickness of each layer of sample 2 in a three-layer
model (see Sec. III A 1), including a carbon surface

TaBLE V. Thickness (nm) of each layer of sample 2 as determined by the
four groups using parallel angle-resolved XPS.

Group C HfO, SiO, Total
1 0.20 24 091 3.31
7 0.61 2.28 1.25 3.53
9 0.40 2.29 0.88 3.17
12 0.22 2.35 091 3.26
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contamination layer. Table V shows that a very good repeat-
ability of the determined thickness is obtained, which is also
close to the average value measured by the different techni-
ques independent of the contamination layer thickness. As
noticed previously, the interfacial layer thickness of group 7
appears much thicker than in the other groups. In fact, a
more detailed analysis from the ARXPS data shows that the
contamination layer also contains some Si, as in the three-
layer model, although Si is assumed to be present only at the
interface. Of course, this additional surface intensity trans-
lates into a larger apparent thickness. Obviously, model-
based quantification requires a correct model and the advant-
age of angle-resolved XPS compared to single-angle XPS
clearly appears here. While, in single-angle XPS, the model
used to retrieve thickness can only be based on processing
sequences, the larger data set available in an ARXPS experi-
ment allows for improvement of the model definition.
Neglecting the outlier, the agreement is also remarkable
because it is obtained for data recorded in a wide range of
measurement conditions. Indeed, analyzer pass energies vary
from 30 to 200eV and the angular range used for the calcu-
lation also slightly varies between the instruments (ThetaP-
robe versus Theta300). These layer thicknesses are also in
very good agreement with the thicknesses determined by nu-
clear techniques (ERD and HR-RBS) when identical den-
sities are assumed for all techniques.

b. HfO/SiON sample (sample 3). Figure 5 presents the
layer thickness determined by each group for the HfO,/
SiON double stack. The agreement between the XPS thick-
ness (groups 1, 7, 9, 12, and 14) and the nuclear techniques
thickness (groups 2, 10, and 16) for the HfO, thickness is
very good (average of 2.3 nm * 0.1 nm compared to an aver-
age of 2.44nm = 0.1 nm). The agreement for the interfacial
layer thickness is poorer, mostly for HR-RBS. The interfa-
cial layer thickness is indeed much more difficult to deter-

leO2
lSiCz
OTotal

Thickness (nm)

12 3 4 7 9 10 12 13 14 16
Group number
FiGc. 5. Layer thickness (nm) determined for sample 3 by each of the groups.

The total thickness is the sum of the SiO, interfacial layer thickness and the
HfO, layer thickness.
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mine by this technique due to a lower sensitivity to nitrogen
and to the low data density in the profile which leads to
larger errors. The agreement for the interfacial layer thick-
ness between ARXPS and ERD is better (1.6 = 0.2nm vs
1.4nm). To obtain the interfacial layer thickness by ERD,
the amount of excess oxygen at the interface is calculated
assuming a stoichiometric HfO, layer and was converted to
an SiO, layer thickness assuming stoichiometric SiO,. Simi-
larly, a layer thickness of Si;N4 was calculated based on the
nitrogen dose measured at the interface. The total interfacial
layer thickness is the sum of the calculated SiO, and SizNy4
thicknesses. Similar to that observed for the HfO,/SiO, sam-
ple, larger differences are seen with TEM and XRR data.

c. SION/HfO./SiO, and SiON/HfO/SION (samples 4
and 5). As mentioned earlier, the layer model is not applica-
ble for these samples as it requires a unique photoemission
peak in each layer.

2. Composition profile

a. HfO./SiO./Si sample (2). Figure 6 presents the com-
position profiles reconstructed from sample 2 by groups 1
and 7 using ARXPS in parallel mode. The profiles were
reconstructed as a mixture of stoichiometric HfO, and SiO,
units, allowing for excess C and O to be accounted for as
possible surface contamination. As the carbon contamination
layer thickness is much larger for the measurements from
group 7, depth scales were shifted by the thickness of the C
contamination layer. In this case, an excellent agreement of
the two profiles is obtained, including the interfacial layer
thickness. This comparison explains the apparent larger SiO,
interfacial layer thickness obtained by group 7 when using
only intensity ratios. Indeed, the profile from group 7 shows
a slight increase of Si intensity toward the sample surface.
Combined with the much larger C contamination layer thick-
ness observed, this shows that the surface contamination also
includes some silicon, possibly in the form of silicon oils.

120
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40
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depth (nm)

Fic. 6. Comparison of reconstructed composition profiles from ARXPS data
for sample 2 from group 1 (G1) and group 7 (G7).
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The repeatability of the profile obtained by ARXPS does
not yet imply that the results are accurate. In order to verify
this aspect, the profiles were compared to the profiles
obtained by ERD (Fig. 7). To make comparison easier, inten-
sities corresponding to the SiO, interface and Si substrate
were added into the XPS profile since there is not any chemi-
cal information in the ERD profile. A significant difference
is seen, mostly at the interface where the XPS profile has an
apparent sharper profile. This is mostly due to the degraded
depth resolution of the ERD with increased depth. It should
be mentioned, however, that the XPS profile reconstruction
algorithm imposes a 100% Si concentration in the substrate
and thus “sharpens” the interface. The depth scale of the
ERD profile was converted from the standard at./cm” to nm
using densities of the HfO,, SiO,, and Si, respectively. In
this way a good agreement is obtained between the XPS and
ERD profiles.

b. HfO-/SION sample (sample 3). The profile recon-
structed from the ARXPS data on sample 3 is close to the
expected one and is in reasonably good agreement with the
ERD profile (Fig. 8), except for a lower N concentration at
the interface in the ERD profile. Contrary to the other ERD
profiles, these measurements have been performed with 170
MeV I particles instead of 40 MeV Au ions. This has the fol-
lowing advantages: The reduction of the strong multiple
scattering, which leads to an improvement of depth resolu-
tion and the reduction of the unrealistic Si profile inside the
HfO, layer.

c. SION/HfO-/SION (sample 5). For XPS, the SiON/
HfO,/SiON triple-layer sample is particularly challenging
because the same elements (Si, O, N) are present both in
the top layer and in the interfacial layer. It also renders the
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Fig. 7. Comparison of reconstructed composition profiles from angle-
resolved x-ray photoelectron spectroscopy (ARXPS) data for sample 2 from
group 1 and the elastic recoil detection (ERD) profile.
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Fig. 8. Comparison of reconstructed composition profiles from angle-
resolved x-ray photoelectron spectroscopy (ARXPS) data for sample 3 from
group 1 and the elastic recoil detection (ERD) profile.

simple model for layer thickness calculation based on pure
intensity ratios inefficient, since unique photoemission peaks
cannot be found in each layer independently. We thus have
to rely on full profiling only.

Figure 9 presents composition profiles obtained from
angle-resolved data by four different groups. A very good
agreement is obtained by three of the groups, while the
fourth group’s profile shows the HfO, layer extending
deeper with a thinner interfacial layer. This last profile origi-
nates from the data recorded with the lowest analyzer pass
energy, i.e., with the highest statistical noise. This leads to
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FiG. 9. (Color online) Comparison of the atomic concentration depth pro-
files obtained by four different groups after applying an identical data treat-
ment procedure on wafer 5. The silicon concentration has been split into
two different chemical contributions: elemental silicon (Si) and bounded sil-
icon (Si-0).
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the third critical parameter for profile reconstruction: statisti-
cal noise should be reduced as much as possible for a reli-
able depth profile reconstruction. The impact of statistical
noise is also enhanced by the fact that the total layer thick-
ness is, according to the process condition, close to 4.6 nm,
which approximates the limit to which reliable profiles can
be extracted. On these profiles one can observe that, while
the reacted (to O or N)-Si composition profile is clearly
identified in two separate layers at the surface and at the
interface, the nitrogen profile does not present a surface peak
as would be expected. However, it is also clear that, com-
pared to the nitrogen profile obtained for the double-layer
stack [HfO,/SiON/Si (Fig. 8)], the nitrogen extends closer to
the surface. The differences between the reacted-Si and
nitrogen profiles are likely due to a still imperfect spectrum
deconvolution of the N 1s photoemission peak.

Figure 10 presents the comparison of the N and Si profiles
obtained by XPS and ERD. In order to determine the profile
of reacted Si at the interface in ERD, the excess oxygen in
the profile compared to HfO, was converted to an Si profile,
assuming an SiO, layer, and the nitrogen profile at the inter-
face was converted to an equivalent Si profile, assuming
SizN,. The agreement both at the interface and at the surface
is, in this case, very good for the Si profile. Inside the HfO,
layer, the Si profile is known to be less reliable by ERD due
to the strong multiple scattering in the measurement condi-
tions (40 MeV Au). An improved Si profile in the HfO,
layer, which can be obtained by using higher energy par-
ticles, is not available for this sample. The nitrogen profile
from XPS at the interface also compares favorably with the
ERD profile but, as mentioned earlier, the XPS does not cor-
rectly reproduce the ERD nitrogen profile at the surface.

3. Discussion

The XPS profile reconstruction as presented is based on a
number of simplifications, such as the uniqueness of the
electron mean free path through the whole overlayer and
neglecting elastic scattering. In addition, we identified a
number of limitations in mathematical profile reconstruction.
In order to verify the quantification uncertainty arising from
these assumptions, a more physically based photoemission
model was used (SESSA) to calculate spectra for multilayer
systems. As mentioned earlier, its main limitation is the lack
of an optimization procedure but, with a forward calculation,
a more accurate answer is expected. While an XPS depth
profile, as presented, typically slices the sample into 30 dif-
ferent layers of varying composition, the use of SESSA
implies (for practical reasons) the limitation of the number
of layers simulated with this procedure.

For the first system, a triple-layer model (C/HfO,/Si0O,/Si)
based on thicknesses as determined by ARXPS was used. An
already good qualitative agreement was observed between the
simulated intensities and the measured ones (not shown).
However, significant differences were seen in the O and Hf
intensities, where the calculated O intensities were smaller
than the experimental ones and the calculated Hf intensities
were larger than the experimental ones. As the reconstructed
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Fic. 10. Comparison of the Si (a) and nitrogen (b) depth profiles obtained
by four different groups and from elastic recoil detection (ERD).

XPS profiles from the ARXPS data also show an increase in
oxygen concentration toward the surface that can be explained
by water adsorption on top of HfO,, an additional oxygen
layer was added in the model. Each layer thickness was
adapted in order to achieve the best agreement between exper-
imental and theoretical intensities. The comparison of the
theoretical concentration profile as a function of angle deter-
mined by SESSA after optimization of the model system and
the experimental concentration from ARXPS is presented in
Fig. 11, showing that an excellent agreement between theory
and experiment is possible. The final structure used for the
theoretical simulation was the following: C/O/HfO,/SiO,/Si
with a thickness of 2.3/1/22/10/Si A, respectively. This struc-
ture remains very close to the structure determined from ex-
perimental data using the ARPRrocess software and shows that
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Fic. 11. Comparison of measured x-ray photoelectron spectroscopy (XPS)
concentrations of sample 2 (group 1) (dots) and of the simulated concentra-
tions calculated using Simulation of Electron Spectra for Surface Analysis
(SESSA) (lines).

even a simplified model allows one to obtain quantitative pro-
files from ARXPS.

Similarly, for the system comprising an SiON interfacial
layer, the validity of the structure as determined by the simpli-
fied reconstruction can also be estimated. The structure deter-
mined with the multilayer model was 0.19nm C/2.30nm
HfO,/1.62nm SiO 3Ny 18/S1, while the optimized structure
obtained by SESSA was 0.21 nm C/0.1 nm O/2.07 nm HfO,/
1.38 nm SiO; 43N 28. As for the HfO,/SiO, system, a thinner
HfO, layer had to be introduced. The thinner observed interfa-
cial layer arises from a change in mean free path used in the
calculation. Indeed, the modification of the mean free path
due to the incorporation of nitrogen in the interfacial layer is
not taken into account in the multilayer model thickness cal-
culation but is present in the SESSA calculation. It is not clear
why the difference is observed in the HfO, thickness.

In the reconstructed profiles from samples 4 and 5, we also
observed a poor quality nitrogen profile at the surface, which
deviates substantially from the process flow. In order to deter-
mine if this poor nitrogen profile at the surface is a conse-
quence of the profile reconstruction algorithm itself or from
the data quality, a further comparison with profile reconstruc-
tion using SESSA was made. For this purpose, a structure
representing as close as possible the structure deduced
from the ERD profile (Bulk Si/1.5nm SiO;,7Ng49/2.2nm
HfO,/0.54nm SiO; 57N 49/0.2nm C) was used to simulate
XPS intensities with SESSA. These intensities were used as
input in the profile reconstruction algorithm in order to deter-
mine the resulting composition profile. It is observed that, in
this case, the double nitrogen structure at the surface and the
interface is nicely reproduced (Fig. 12). This indicates that the
poor nitrogen profile at the surface is linked to the quality of
the experimental data (including data treatment) rather than to
the profile reconstruction methods. This is indeed not surpris-
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FiG. 12. Composition profile of an SION/HfO,/SiON/Si stack reconstructed
with the angle-resolved x-ray photoelectron spectroscopy (ARXPS) profile
reconstruction algorithm based on theoretical XPS intensities obtained by
Simulation of Electron Spectra for Surface Analysis (SESSA).

ing as deconvoluting the nitrogen from the plasmon loss of
the Hf peak is very difficult.

With the different models/analysis techniques, we may
also quantitatively compare the amount of each element
detected, which is presented in Fig. 13. Taking the ERD pro-
file as reference, we observed that a good agreement (within
2%—-3%) is obtained for the Hf coverage deduced from the
full composition profile for all three techniques (XPS, ERD,
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Fic. 13. Comparison for sample 3 of the Hf, O, and N coverage obtained
using different models by x-ray photoelectron spectroscopy (XPS) and by
high-resolution Rutherford backscattering spectrometry (HR-RBS). The
coverage values are given relative to the coverage values measured by elas-
tic recoil detection (ERD). The interfacial Si is calculated from the excess
oxygen measured at the interface using the nuclear techniques.
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HR-RBS). The Hf coverage estimated from the homogene-
ous layer model by XPS or from SESSA reconstruction is
slightly underestimated (10%—20%). The total oxygen cov-
erage is also in good agreement for the XPS layer model or
XPS profile, but underestimated for the SESSA model or the
HR-RBS. The underestimation of the SESSA concentration
is a direct consequence of the necessary reduction of the
HfO, layer thickness to match the theoretical concentration
to the experimental ones. The lower oxygen coverage from
HR-RBS may be linked to the lower sensitivity of RBS for
light elements, as already observed for nitrogen.>> Much
larger errors are observed for the nitrogen coverage. The
closest value is obtained by the XPS full profile reconstruc-
tion but still lies 20% from the ERD value. This larger inten-
sity, linked to the apparent presence of nitrogen in the HfO,
layer, is also an indication that some intensity attributed to
nitrogen arises from the interfering Hf intensity. Other meth-
ods lead to 40%—-60% errors. The underestimation of
HR-RBS has been attributed to the lower sensitivity of the
RBS to light elements; it is, however, not clear why the
SESSA model of the XPS layer model leads to such an
underestimation.

IV. SUMMARY AND CONCLUSION

This study shows that depth profiles reconstructed by
ARXPS can be reliably used and similar results can be
obtained at different sites. The accuracy of the reconstruc-
tion, however, depends upon a number of factors:

(1) The extraction of the individual peak intensities needs to
be done accurately and in a systematic way. This implies
that, in the case of interfering peaks, a correct separation
of each element intensities should be possible. This is best
done by using reference data rather than synthetic peaks.

(2) For thickness layer calculation a correct layer structure
needs to be used. Uncertainties about the model can be
resolved by using angle-resolved measurements and
associated reconstructed depth profiles.

(3) To limit the uncertainties in the reconstruction the model-
ing should include chemical information (stoichiometry).

(4) Higher statistical noise increases the uncertainties of the
measured intensities, which, in turn, lead to a depth pro-
file quality degradation. This agrees with results pub-
lished by Cumpson.®®

(5) The physical parameters used in the depth profile recon-
struction are critical to the quantification accuracy. The
most important parameter is the mean free path. Using
the attenuation length from the NIST database 82 pro-
vides a good agreement with profiles obtained by ERD.
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