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What nano-physical properties can be deter mined by analysis
of elastic peak accompanied by itsindlastic background tail
In XPSand AES spectra?
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We review examples of analysis of XPS and AES spectra based on analysis of the peak shape to show the
ability of this method to quantify several physical properties of nano-particles and nano-structured thin films.
This includes determination of IMFP, amount of substance, thickness of thin films and identification of growth

mechanism of adsorbates.

Comparison with other techniques; ARXPS, RBS, AFM, XTEM and QCM as well as advantages and disad-

vantages of each technique are discussed.

1.Introduction

Recently, the technological importance of surface nano-
structures has increased considerably, in many fields of ap-
plication. Electron spectroscopy provides promising possi-
bilities for quantitative and non-destructive chemical char-
acterization of surface nano-structures. Therefore, improve-
ments in methods to store and share spectral data between
laboratories [1] as well as to analyze the data are required.
Due to understanding of electron scattering processes in
the surface region of solids, the accuracy of the non-de-
structive in-depth analysis of thin-layer structures has im-
proved and novel, accurate quantitative methods have ap-
peared. One of the existing methods for non-destructive de-
termination of surface composition-depth profiles are based
on the analysis of the part of the spectrum that is attribut-
able to the contribution of electron scattered inelastically in
the solid (inelastic background analysis [2-8]). Analysis of
shape and intensity of inelastic background in XPS spectra
was applied successfully previously for determining the
nano-structure of metal films developed on semiconductors
[9, 10], of metal/metal oxide films deposited on metals [11-
14], of metal oxide films deposited on SiO,[15, 16] and of
semiconductor layers formed on a semiconductor [17, 18].
The limits of validity of the technique used in these studies
have been reviewed in Ref. [8]. The software package
QUASES-Tougaard (Quantitative Analysis of Surfaces by
Electron Spectroscopy) has been developed [19] as a gen-
eral tool for this type of analysis. This technique probes
depths up to ~ 10 inelastic mean free paths (IMFP).

Recently, Tougaard proposed a simplified algorithm,
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which is also based on the dependency of background shape
on the depth distribution [20]. This algorithm is less accu-
rate than the former and gives less detailed information on
the depth profile but it is suitable for automatic data pro-
cessing. The validity of this simplified method was tested
for XPS taken from different nano-structures and found to
be in good agreement with results from other techniques
[21]. These tests were performed for large XPS-spot size (~5
mm?).

The ability of the algorithm to study XPS with ~ 3um
lateral resolution was successfully tested to give both an
accurate image of the amount of substance (AOS) and sev-
eral images of depth distributions of atoms (tomography) in
the outermost few nano-meters of the sample [22].

Ref. [23] includes a good example to show the ability of
QUASES-Tougaard software to, consistently, determine the
same amount of Au atoms within the surface region of a
series of solids where the depth distribution of a fixed num-
ber of Au atoms is varied. The samples were produced by
first evaporating a few monolayers of gold onto the surface
of a polycrystalline copper sample and then evaporating
varying amount of copper on top. Systematic changes in
peak intensity and in background were seen (see Fig. 1). By
taking these changes into account in peak shape analysis of
Au 4d peaks, the determined amount of gold of different
depth distribution was found to be constant within a RMS
deviation of 7%.

In comparison, traditional XPS-analysis based on peak
intensity was applied and then a RMS deviation of 45% was
found between the determined relative surface concentra-
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Fig.1 A thin Au layer on Cu with increasing amounts of evaporated
Cu on top. Spectra corresponding to one set of measurements after
being corrected for the energy dependence of the analyzer
transmission function and after subtracting a straight line fitted on
the high energy side of each peak. Notice that the Au 4d peak
intensity decreases with increasing amount of evaporated copper.
Also shown is the reference spectrum (ref.) from a pure
polycrystalline gold sample. Excitation photon energy is 950 eV.
Taken from Ref. [23].

tions for the set of samples which is in strong contradiction
with the knowledge that the total amount of gold and thereby
the average concentration within the surface region is iden-
tical for all samples.

If the surface structures and the in-depth distribution of
atoms are known, the Tougaard method can be used to de-
termine the electron IMFPs in such layers by analysis of a
single spectrum [24-26].

Angle-resolved XPS (ARXPS)[27-32],also called the elec-
tron take-off angle (ETOA) method, is an alternative method
for non-destructive quantification of the in-depth distribu-
tion of atoms. The method may be used to determine IMFPs
if the in-depth distribution of atoms and/or surface struc-
ture is known from analysis with other techniques.

The peak shape analysis method requires only a single
spectrum and therefore less diffraction effects for crystal-
line solids as well as less shadowing effect might be present,
see Fig.2. On the other hand, the latter requires spectra to be
recorded for a wide range of emission angles and therefore
severe diffraction effects for crystalline solids as well as
severe shadowing effect might be present. In other words,
ARXPS requires amorphous and flat surfaces, see Fig.2.

In this review, some recent examples of analysis of XPS
and AES spectra based on peak shape to show the ability of
QUASES-Tougaard to quantify several physical properties
of nano-structured thin films such as determination of IMFP,
amount of substance (AOS), thickness of thin films and iden-
tification of growth mechanism of nano-structured
overlayers. Comparison with other techniques; ARXPS, RBS,
AFM, XTEM and QCM as well as advantages and disad-
vantages of the techniques are discussed.

Fig.2 a) ARXPS-Analysis: Severe problems because of angle depending shadowing effect, very flat surfaces is required. b) Peak shape
analysis: No problem with shadowing because only a single emission angle is used. c¢) Diffraction effect for crystalline solids can be a
severe problem in ARXPS-analysis, therefore it requires amorphous surfaces. d) Diffraction effect for crystalline solids is less problematic

in peak shape analysis because only a single emission angle is used.
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2. Theory

A measured XPS spectrum J(E) was shown to be a func-
tion of the intrinsic distribution, F(E) , of primary emitted
photoelectrons per angstrom, the differential inelastic scat-
tering cross-section, K(T), and the composition depth pro-
file, f(x) [2]. For a correct quantitative analysis the intrinsic
F(E) therefore has to be restored from J(E) by removal of
extrinsic contributions under the assumption of the correct
f(x) and K(T). Alternatively f(x) can be evaluated from J(E), if
F(E) and K(T) are known. When the extrinsic contributions
are removed correctly from J(E), F(E)=0 in a wide energy
interval 50-150 eV on the low energy side of the peak. In
situations where the effects of the chemical environment do
not significantly affect the intrinsic shape of F(E), the resto-
ration process must give F(E) spectra similar in both inten-
sity and shape in order to be correct.

The general solution for the extraction of F(E) from J(E)
were described rigorously as follows and developed for dif-
ferent types of in-depth distributions[2-8,19]

F(E)= ;{J(E) - j dE'J(E)TdSexp(i 2713[E'-E]){1 - PF(’;J}

(1)

where

T - X
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0 0
In the above equations, 0 is the angle of detection with
respect to the surface normal and A the inelastic mean free
path (IMFP).
For K(T), the following expression

BT

AK(T) =
M (C+T?%)?

“)

with C=1643 eV?and B=3000 eV? is a valid approximation for
many transition metals as well as for their alloys and ox-
ides[33]. For solids such as Al, Si, SiO,, and polymers that
have a narrower cross section, it is a better approximation to
use

BT

K= crror

®)
where C and D are constants characteristic of the solid[33].

3. Determination of IMFP
3.1ThelMFPintheLangmuir-Blodgett (L B) film
QUASES-Tougaard was used to study a photopolymerized

cadmium 10, 12-pentacosadiynoate monolayer Langmuir-
Blodgett (LB) film, with monomer formula: (CH,(CH,), C=
CC=C(CH,),C0O0),Cd, ontop of a silicon wafer with a native
oxide layer with twofold objective: to determine the ability
of peak shape analysis to give consistent quantification
when spectra from the same sample but taken at widely dif-
ferent emission angles were analyzed and thereby to con-
clude that the QUASES-Tougaard simply requires a spec-
trum taken at a single emission angle to give the same infor-
mation as the ARXPS does using several emission angles
from the same sample, and to determine IMFPs for electrons
in the film at various energies. The latter is the focus of this
section. Survey spectra were taken at several emission angles
between 5° and 78°and then analyzed.

For each core level corresponding to the Si 2p, O 1s and
Cd 3d photoelectron peaks with respective kinetic energies
1388 eV, 955 eV and 1082 eV, it was shown that the spectra
taken at all angles of <73° give consistent quantification to
within a standard deviation of 5-10%. This is approximately
the same as the uncertainty in quantification made on the
basis of a spectrum taken at a single angle. This demon-
strates the robustness of peak shape analysis.

The surface structure and the thickness of the film were
characterized by atomic force microscopy (AFM), as well as
by ARXPS. From topmost surface layer to the bulk silicon
(substrate), the respective layers were found to be hydro-
carbon, Oxygen in COO, Cadmium ion, silicon dioxide and
silicon bulk. The IMFP in this well —characterized LB film
was also determined by the ARXPS method using relative
atomic concentrations [32].

Using QUASES-Tougaard analysis, the IMFPs in the LB
film were found tobe 29.2 £ 1.7 A at955eV and 402 +2.2 A
at 1388 eV. These values are close to those reported (using
ARXPS) in ref. [32] of 34 and 45 A for the same sample and
the same energies.

3.2ThelMFP for high energy dectrons(6000-7000eV) in
theCu, Ni and Cothinfilms

Quantitative application of non-destructive electron spec-
troscopic methods in the high (5-10 keV) energy region are
gaining an increasing importance recently, especially in the
fields of determining thickness of metallic overlayers in sev-
eral tens of nanometer region and of analyzing deeply bur-
ied interface layers. The availability of experimental IMFP
values, which is important physical parameters for quantifi-
cation, for electrons in this energy region, however, is lim-
ited.

This was studied in Refs. [25, 34] where, Cu, Ni, Co thin
layers of 50-400 A thickness on Si wafer substrate were pre-
pared. High energy Co, Cu, Ni KLL, Co KLM Auger and Cu
2s, 2p and Si 1s photoelectron spectra were excited from the
thin film samples using Cu characteristic (Ko, Ko.) and
bremsstrahlung X-rays.
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Film thicknesses were obtained from independently ex-
perimental procedures using quartz crystal microbalance
(QCM), and in the case of Cu and Ni using cross sectional
transmission electron microscopy (XTEM) and scanning
probe (atomic force) microscopy (SPM) [34]. Knowing the
thickness, peak shape analysis was used to determine IMFP
values of high energy photoelectrons (6000-7000 eV) within
Cu, Ni and Co thin film samples, which gave consistent val-
ues for different overlayer thicknesses and transitions. The
data from Powell and Jablonski [35], based on IMFPs calcu-
lated from experimental optical data as well as based on
IMFPs measured by elastic —peak electron spectroscopy
(EPES), predict systematically higher IMFP values, however,
the differences are only 10-20 % which is comparable to the
expected error in both techniques.

4. Growth mechanism
4.1 Morphology of Geidandson Si(001)

Study of growth mechanism of Ge on Si(001) are aimed at
the possibility of creating coherent, self-assembled Ge is-
lands of potential use in future optoelectronic device tech-
nology [36-38]. Therefore XPS inelastic peak shape analysis
as well as atomic force microscopy (AFM) was applied to
describe growth mechanism of Ge on Si as a function of
temperature and Ge dosage [17, 18, 39]. In this section we
present a short summary of these studies.

Substrate temperature was set at 200 °C, 550 °C and 700
°C. For each temperature, nominal Ge deposits of 5, 10 and
20 A were produced, giving a total of nine differently pre-
pared samples. For the structure investigation using inelas-
tic peak shape analysis, Ge 2p was excited using Al Ko and
E ,.=70¢eV, and Si KLL was excited using Mg bremsstrahl-

p:

700°C, 10A

1 ——F(E), Ge on Si(001) a)
i F(E), pure Ge ;

GeZp

Arb. units

140 160 180 200 220 240 260 280

ung and E = 250 eV. Separate reference spectra were taken
from pure Ge and Si.

The depth resolution of peak shape analysis is typically
a few angstroms and the maximum probing depth is ~10
IMFP in the more favourable cases [8, 14]. The lateral reso-
lution of peak shape analysis is limited by the area probed
by the electron energy analyzer (typically several mm) and
structure information is averaged over this region. Note that
peak shape analysis has recently been extended to provide
images with pm lateral resolution [20-22]. Figure 3 shows the
peak shape analysis of the Ge 2p and Si KLL spectra from a
sample with 10 A Ge deposited at 700 °C.

The island morphologies were found by both XPS and
AFM which is summarized in Table 1. Within the uncer-
tainty of the techniques there is good agreement between
the results in most cases. The cases where a clear difference
was found have been marked with * and **. For growth at
200 °C and 550 °C the island heights are consistent, but
coverages are not. On the other hand, for 10 and 20 A de-
posited at 700 °C island coverages are in agreement, whereas
the height is not. The disagreements are attributed to the
limitation of the respective techniques. These limitations
are given mainly by the following two points:

* The pronounced small-scale roughness of the Ge layer
for low deposits [40] cannot be resolved by contact mode
AFM because the tip size is larger than the lateral spacing
between neighboring islands. But this roughness will cor-
rectly show up as islands in the peak shape analysis, re-
gardless of the small scale. In addition, the information ob-
tained by XPS analysis is the averaged information over a
sample region of ~10x10 mm?. Thus height variation in the
Ge film extending over large distances (<10mm) will contrib

Generated JE] _ b)
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"
=
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Fig.3 Inelastic peak shape analysis by XPS of the sample with nominally 10 A of Ge deposited at 700 °C. Background subtraction

(QUASES-Analyze) was used in the analysis of the Ge line (2) and spectrum synthesis (QUASES-Generate) was used for analyzing the

Si KLL line (b). The island structures corresponding to the analysis are shown in each case. Owing to oxidation of the Ge film, the Ge 2p

spectrum in (a) is shifted with respect to the spectrum from the clean Ge reference.
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Table 1 Overview and comparison of film morphology determined by QUASES- Tougaard and AFM

Temperature | Ge deposit® | AFM QUASES- Tougaard
Coverage (%) Height (A)
Coverage | Height (A) Ge 2p Si Ge 2p | Si
(%) KLL KLL
700 °C 20 A 32 200-400** 129 26 60** | 90**
10 A ~20 50-200%** 29 22 45%* | 50%**
5A O O 22 20 40 40
550 °C 20 A 21 40-300 39 40 55 55
10 A <10* 40 36* 35% 35 40
5A <10* 40 25% 30% 35 40
200 °C 20 A <10%* 55 58%* 50% 45 50
10 A ® b 39 40 37 35
5A O O 29 35 30 30

2The Ge evaporation flux was constant during deposition and controlled using an Inficon Sentinel III flux controller.
Calibration of the Ge flux was performed using separate RBS measurements.

®Samples where no structure could be resolved with AFM. Entries marked with * and ** indicate a disagreement
between the techniques that is explained further in the text.

ute to the XPS morphology in the same way as microscopic
islands. However, such large-scale variations are not visible
with AFM.

** As mentioned before, the probing depth of the
overlayer signal is 5-10 IMFP but for the substrate signal it
is less. Altogether, this gives a maximum probing depth of

50-70 A, in agreement with the results of Table 1. On the
other hand, AFM can resolve much taller islands.

The disagreements found in Table 1, indicated with * and
** can in each case be attributed to one of the
abovementioned points. Based on this, it was found that
the detailed results of AFM are more accurate for samples
with tall islands that can be resolved laterally (20 A Ge at 550
°C and 700 °C). However, at lower deposits and lower tem-
peratures the AFM resolution is insufficient and the XPS
analysis gives more accurate information on the morphol-
ogy.

The conclusion is that the morphologies determined with
QUASES-Tougaard and AFM are consistent in most cases.
The cases where disagreement is found can be explained by
the complementarity of the techniques. Thus, the applica-
tion of both techniques gives more complete information on
the surface morphology.
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Fig. 4 Fits for Pt 4d using different structures. (a) Rectangular,
5.25 A thick, layer on top of the substrate, (b) Single island is 18 A
high and covering 36.5% of the surface.
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4.2 Growth of thin Pt film on silicon at room temperature

The growth structure and interdiffusion of metallic layers
into silicon is very difficult to determine by conventional
surface analysis. The Pt 4d spectrum from a thin film of Pt
evaporated on Si (111) at room temperature was taken and
analyzed by using QUASES-Tougaard [41]. Analyzing the
Pt 4d spectrum and requiring good agreement between the
background corrected spectrum and the reference spectrum
from the pure Pt sample for both the peak shape and the
absolute intensity, the structure of the Pt film was deter-
mined. In Fig. 4 the spectrum for the deposited platinum are
analyzed assuming two different growth models. Fig. 4a
shows the best overall fit that could be obtained assuming a
layer-by-layer growth model, namely a 5.25 A thick rectan-
gular layer on the surface. This is, however, too low in the
peak region and too high in the background region. In Fig.
4Db, the best fit assuming a single island model is shown. The
island is 18 A high and covering 36.5% of the surface. This
is clearly a much better fit both at the peak and in the back-
ground. Within our uncertainties (£5%) every other combi-
nation of structural parameters, e.g. using a lower coverage
while simultaneously increasing the height gave worse fits.

In Fig. 5 it is shown how sensitive the fits are to a change
of the structural parameters. In Fig. 5a the same height was
used as in Fig. 4b, but the coverage was changed from 36.5%
to 55%, while in Fig. 5b, the same coverage as in Fig. 4b was
used but the height was changed from 18 A to 12 A. Both
fits are clearly worse than the fit in Fig. 4b. This illustrates
that the uncertainty on the determined structural parameters
is quite low and in general the uncertainty is ~5-10% [8]. The
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Fig. 5 Sensitivity of the fits to a change of the structural parameters.

conclusion is that Pt film growth is strong island formation
which is fully consistent with the previously reported growth
mechanism of Pt at room temperature [42, 43]

5. Determination of Amount of substance(AOS) and/or the
equivalent effectivethicknessand itsconsistency with other
techniques:
5.1Analysisof ~500A thick Ni and Cu overlayer deposited
onS

As mentioned above, the inelastic background analysis
probes depths up to ~10 IMFP. For typical XPS peaks ex-
cited with Al Koo and Mg Ko, the IMFP is ~5-20 A and
therefore the typical maximum probing depth is ~50-200 A. It
is interesting to demonstrate the application of this method
to larger overlayer thickness (metallic films having several
tens of nanometer thickness) by analyzing the spectra of
high energy transitions (excited by e.g. Cu X-ray) where A is
~60 A, which is larger than for traditional XPS and Auger
peaks, and therefore 102 is large, ~600 A. This was done in
Ref. [34] where Ni and Cu KLL Auger spectra were
photoexcited from Ni and Cu overlayers (deposited on Si
substrates) of different thicknesses in the 100-600 A range
[34]. Spectra corresponding to 600 A thick Ni and 400 A
thick Cu were taken as reference spectra. Fig. 6 is an example
of analyzed spectrum from the thinnest Cu thin-film sample.

In QUASES-Tougaard analysis, IMFPs from Powell and
Jablonski [35], was used to find the film thicknesses. These
determined values were in good consistency with thicknesses
determined by using a QCM and XTEM.

100 (- . |

60—

Intnesity, arb. units

40+

20 -

reference —
L 1 | |

! | . |
6700 6800 6900 7000 7100
Energy, eV

Fig. 6 Comparison of the source function F(E) obtained from the
spectral shape analysis of the high-energy electron spectrum photo-
excited from the thinnest Cu thin-film sample (assuming island
growth) with the source function determined for the Cu reference
sample. Taken from Ref. [34].
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Fig. 7 Peak shape analysis of the Au 4d from an Au layer on Ni.
The measured Au 4d spectrum (solid line) and the model spectrum
(dotted line) which is calculated with QUASES-Generate based on
an island model structure being 30 A high and covering 68% of the
sample surface.

Table 2 Quantitative parameters of the Au overlayer®

Sample no. | ¢ (%) |h(A) [d, A) |<d> (A)
1 31 |14 |43 47

2 56 18 10.1 8.1

3 68 30 20.4 21.9

4 97 100 |97 103.3

5 90 63 56.7 40

2The island coverage ¢ and the island height h were determined by
analysis of Au 4d peaks. The corresponding Au thickness d, ,, was
determined from the XPS results, and the RBS Au thickness «d, >
was determined as an average over the RBS measurements from
different spots on one sample.

5.2 Deter mination of aver agethicknessof Au layer sdepos-
ited on Ni; A comparison with RBS

Rutherford backscattering spectrometry is a well-estab-
lished technique with a high accuracy and low uncertainty
[44] to quantify the amount of substance (AOS). Therefore,
it is worth to show the degree of quantitative agreement
between XPS peak shape analysis and RBS with respect to
AOS of e.g. Au layers deposited on Ni [14]. Au amounts
varying between 5 and 100 A were evaporated to make dif-
ferent overlayers corresponding roughly to the in-depth

sensitivity range (0-10 IMFP) [8] of the peak shape analysis.
For Au 4d excited by Al Ko the value of A is ~14 A and
therefore the maximum probe depth is ~140 A. The appropri-
ate amount of Au deposited onto the samples was controlled
by measuring the Au 4d XPS peak during evaporation. The
samples, hereafter labeled 1-5, had an equivalent Au thick-
ness of 5, 10, 20, 100 and 50 A, respectively. Study of the
XPS Au 4d spectra acquired from these samples (see Fig. 7)
give the results shown in Table 2 by simply considering the
geometry of the islands additionally found for structure of
the Au overlayers i.e. d,, ;= 0.01xcxh . RBS measurements
from several different regions of each sample were made for
which result of analysis is also tabulated in Table 2.
For each sample, the agreement was characterized by the
deviation between the results found by XPS (d, ) and the
mean value of the RBS results («d, ;). For samples 1, 3 and
4 the deviation is 6-7 %. For the remaining two samples the
agreement is worse. The RBS results for different spots on
samples 2 and 5 showed large variation in the thickness.
This means that for these two samples the deposited Au
layers are far from uniform whereas samples 1, 3 and 4 were
quite uniform. Because the variation is much larger than the
uncertainties of both XPS peak shape analysis and RBS,
samples 2 and 5 are not suited for comparison. In other
words, the disagreement between the XPS and RBS results
found for samples 2 and 5 cannot be interpreted as a dis-
agreement between the techniques.

In conclusion, the accuracy of the XPS peak shape analy-
sis technique was found to be ~7% for all depth <7-8 IMFP.
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