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In the presented study, X-ray photoelectron spectroscopy and total reflection X-ray photoelectron spec-
troscopy methods were applied to analyze the Ti (75 nm) and Pd (100 nm) nanolayers deposited on
the Si substrate using magnetron sputtering. The aim of the research was to determine the elemental
composition and surface homogeneity of the analyzed nanolayers before their irradiation with highly
charged xenon ions and to estimate the detection limit of the X-ray photoelectron spectroscopy tech-
nique for various glancing angles. The measurements were conducted using the SPECS mono-XPS
system in the Institute of Physics at the Jan Kochanowski University (Kielce, Poland). The experi-
mental setup and measurement conditions for the studied Ti and Pd layers are described. The X-ray
photoelectron spectroscopy spectra were registered both for the non-total (35◦ and 10◦ angles) and total
reflection (2.2◦ for the Pd nanolayer and 1.5◦ for the Ti nanolayer) regimes. The position of the C 1s
photoelectron peak was applied (C–C component, binding energy 284.8 eV) to calibrate energy. First,
the homogeneity of the nanolayers was investigated. The analysis of spectra concentrated on investi-
gating the photoelectron peaks and, consequently, on determining the following: the binding energy of
electrons, the intensity and full width at half maximum of photoelectron peaks, the background level,
and the elemental composition of the nanolayer surface. In this study, the detection limit of the X-ray
photoelectron spectroscopy measurements for different photoelectron peaks was calculated in relation
to the excitation angle. An improvement of the X-ray photoelectron spectroscopy detection limit by
a factor of 3–6, depending on the type of photoelectron peak, was observed for the angles below the
critical angle of the X-ray total reflection phenomenon.

topics: Ti and Pd nanolayers, X-ray photoelectron spectroscopy (XPS), total reflection XPS

1. Introduction

X-ray photoelectron spectroscopy (XPS) is a sur-
face analysis technique in which a low-energy X-ray
beam is directed toward the studied sample, which
leads to emitting electrons from the surface. Ana-
lyzing the registered energy spectra of the electrons
provides information about such properties of the
surface as qualitative and quantitative elemental
composition, surface homogeneity, and the chemi-
cal environment of elements [1, 2]. The sensitivity
of the X-ray photoelectron spectroscopy technique
can be improved by applying the phenomenon of
total reflection of X-ray radiation when the exci-
tation beam is directed at the analyzed sample at
an angle smaller than the critical angle [3]. This
type of the modified technique is known as the
total reflection X-ray photoelectron spectroscopy
(TRXPS) [4–8]. Under the total reflection geomet-
rical condition, primary X-rays cannot penetrate

deeply into the analyzed sample. The intensity of
X-rays in the evanescent range can be as much as
four times stronger compared to the intensity of
the primary X-ray beam. This is caused by forming
a standing wave on the surface [4]. Consequently,
the photoelectron signal is increased with simulta-
neous background reduction, which is also caused
by a lower inelastic scattering of electrons [4]. Spe-
cific aspects of measurement geometry in the regime
of total external reflection of X-ray is physical basis
of low-angle X-ray spectroscopy, diffraction, and re-
flectometry techniques such as total reflection X-ray
fluorescence (TXRF) [3], grazing incidence X-ray
fluorescence (GIXRF) [3], grazing emission X-ray
fluorescence (GEXRF) [3, 9, 10], grazing incidence
X-Ray diffraction (GIXRD) [11], and the X-ray re-
flectometry [12]. These techniques are often used
to analyze nanolayers, which facilitates determining
various properties of sample surfaces, e.g., elemen-
tal and chemical composition, morphology, density,
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thickness, roughness, and depth profile, also by our
atomic physics and nanophysics group, in different
applications [3, 13–15].

The research conducted by our group focuses on
studying the processes of forming surface nanos-
tructures in the interaction of highly charged xenon
ions with nanolayers using the Kielce EBIS fa-
cility of the Jan Kochanowski University (Kielce,
Poland) [16]. Research centers on metallic (Au, Ti)
nanolayers [15, 17] as well as the dependence of
nanostructure sizes on the kinetic and potential en-
ergy of the Xe ions. In order to continue the study
for other metallic nanolayers (with different thick-
ness values) and to interpret the results correctly, it
is necessary to know the properties of the nanolay-
ers obtained by applying X-ray photoelectron spec-
troscopy with the best possible detection limit.

In the presented studies, the XPS technique
was applied to analyze titanium (Ti) and palla-
dium (Pd) nanolayers deposited on the silicon (Si)
substrate. In the case of titanium, the nanolayer
thickness was 75 nm, whereas for palladium, it
was 100 nm. The analysis was conducted both in
the non-total and total X-ray reflection conditions.
In the presented studies, titanium and palladium
were selected for the research of nanolayer surface
modifications in interaction with highly charged Xe
ions, but in general, Ti and Pd materials are com-
monly used in various applications [18–21].

The paper begins with a description of the exper-
imental setup, the measurement conditions, and the
analyzed samples. Calculating the critical angle of
the total X-ray reflection is also discussed. Next, the
results and discussion section is presented. At the
beginning of the section, the XPS survey spectra are
presented for different regions of the nanolayer sur-
face. Analyzing the spectra concentrates on inter-
preting photoelectron and Auger peaks as well as on
determining the nanolayer surface elemental com-
position. Furthermore, surface homogeneity is dis-
cussed. Comparing the spectra registered for differ-
ent glancing angles (both for the Ti and Pd nanolay-
ers) is an important aspect of the study. In this case,
analyzing the spectra focuses on determining the
binding energy of electrons, the intensity and the
full width at half maximum (FWHM) of photoelec-
tron peaks, the background level, and the elemental
composition of the nanolayer surface. This, in turn,
enables the specification of the XPS/TRXPS detec-
tion limit for various photoelectron peaks.

2. Experiment

2.1. Samples description

The research included analyzing titanium (Ti)
and palladium (Pd) layers (75 nm and 100 nm in
thickness, respectively). The layers were deposited
on a silicon (Si wafers, standard 〈111〉 orienta-
tion) substrate. The samples were prepared at the

Łukasiewicz Research Network Institute of Micro-
electronics and Photonics in Warsaw, Poland, us-
ing magnetron sputtering in the thin film deposi-
tion system (TFDS) from VST Ltd. The prepara-
tion process was performed in the conditions of high
vacuum (4–5× 10−7 Pa). 4N purity materials were
used as the targets. In this process, the deposition
rate was 2 nm per second. The size of the prepared
samples was 10 mm, 5 mm, and 1 mm in length,
width, and thickness, respectively. The layer thick-
ness was verified using a surface profilometer, Dek-
tak 150 (Veeco Instruments Inc.).

2.2. Experimental setup and measurement
conditions

The X-ray photoelectron spectroscopy and the
total reflection X-ray photoelectron spectroscopy
measurements were performed with the SPECS
mono-XPS system using monochromatized Al Kα

radiation with an energy of 1486.7 eV emitted from
an XR-50 M high-intensity twin anode (Al, Ag)
X-ray source optimized for XPS experiments. The
X-ray tube (300 W) was operated with a volt-
age U = 15 kV and current I = 20 mA. The
X-ray beam monochromatization was performed
with a quartz single-crystal mirror monochromator
with a 500 mm Rowland circle and a rocking curve
width of approximately 160 meV.

The XPS and TRXPS spectra were obtained uti-
lizing a PHOIBOS 100 electron energy analyzer
equipped with a one-dimensional delayline detec-
tor (1D-DLD). The vacuum chamber pressure was
about 10−9 mbar. The pass energy of 30 eV was
selected to analyze the nanolayers under both non-
total and total X-ray reflection conditions. Spec-
trometer calibration was checked using the Ag ref-
erence foil (Goodfellow), applied for analyzing two
photoelectron peaks: Ag 3d3/2 and Ag 3d5/2. The
position of the Ag 3d3/2 peak was 374.3 eV, whilst
for Ag 3d5/2, it was 368.4 eV, matching the ref-
erence values [22]. The FWHM of Ag 3d peaks
was 1 eV. The Pd and Ti nanolayer samples stud-
ied with the TRXPS measurements were automat-
ically tilted with a manipulator, standard LN2 1.5,
a device offering three-axes (x, y, z) and two-angular
(polar, azimuth) movements. The polar rotation
precision equaled 0.05◦. The measurements also in-
volved charge compensation, achieved with the as-
sistance of a flood gun FG-500. The following values
were applied for the Pd nanolayer: electron energy
of 0.4 eV, emission current of 4 µA. In the case of the
Ti nanolayer, these values were 0.7 eV for electron
energy and 15 µA for the emission current.

2.3. Critical angle of total X-ray reflection

TRXPS measurements require selecting the mea-
surement angle (i.e., the glancing angle), which has
to be below the critical angle, which is characteristic
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for a given X-ray beam energy and the type of the
reflecting surface (nanolayers). The critical angle
can be calculated from the following equation

θc = C

√
Z ρ

A

1

E
, (1)

where Z, A, and ρ [g/cm3] are the atomic number,
the mass number, and the surface material density,
respectively; E [keV] is the X-ray energy, and C is
a constant equal to 1.65 for the assumed units of
the discussed physical quantities. Taking into ac-
count the energy of Al Kα X-ray (1486.7 eV), used
as the excitation radiation in XPS/TRXPS mea-
surements, the critical angle for Ti is 1.60◦ and for
Pd is 2.37◦ [23]. A relatively high value of the crit-
ical angles, compared to the values applied in the
low-angle spectroscopy, is a consequence of the low
energy of the X-ray beam. In the presented studies,
the XPS measurements were performed for the fol-
lowing angles: 35◦ and 10◦ (Pd and Ti nanolayers),
2.2◦ (Pd nanolayers, X-ray total reflection condi-
tion) and 1.5◦ (Ti nanolayers, X-ray total reflection
condition).

3. Result and discussion

3.1. Survey spectra. Surface homogeneity

The homogeneity of the nanolayer surface was es-
tablished by measuring the XPS survey spectra at
an angle of 35◦for five areas on the sample (i.e.,
the center and four corners of the sample). Figure 1

Fig. 1. XPS survey spectra of Ti 75 nm nanolayer
deposited on the silicon (Si) substrate for five areas
on the sample measured at a glancing angle of 35◦.
The sample was irradiated by the monochromatized
Al Kα photons. In the spectra, both photoelectron
(Ti 2s, O 1s, Ti 2p, N 1s, C 1s, Ti 3s, Ti 3p, O
2s) and Auger peaks (C-KLL, N-KLL, Ti-LMM ,
O-KLL) were identified.

Fig. 2. XPS survey spectra of Pd 100 nm
nanolayer deposited on the silicon (Si) substrate
for five areas on the sample measured at a glanc-
ing angle of 35◦. The sample was irradiated by the
monochromatized Al Kα photons. In the spectra,
both photoelectron (Pd 3s, Pd 3p, O 1s, N 1s, Pd
3d, C 1s, S 2s, Br 3p, S 2p, Si 2p, Pd 4s, Pd 4p, O
2s) and Auger peaks (C-KLL, Pd-MNN , O-KLL)
were identified.

presents the XPS survey spectra registered for the
Ti nanolayer (75 nm) deposited on the silicon. The
survey spectra were measured in the electron bind-
ing energy range from 0 to 1300 eV. The energy step
was 0.1 eV, and the dwell time was 0.1 s. For energy
calibration, the position of the C 1s photoelectron
peak was applied (C–C component, binding energy
284.8 eV). In the spectra, both photoelectron (O 1s,
Ti 2s, Ti 2p, N 1s, C 1s, Ti 3s, Ti 3p, O 2s) and
Auger peaks (C-KLL, N-KLL, Ti-LMM , O-KLL)
were identified. In the spectrum, the photoelectron
Ti 2p peak was registered as Ti 2p1/2 and Ti 2p3/2
splitting. A detectable quantity of adventitious car-
bon contamination was observed in the sample due
to its exposition to the atmosphere. Similarly, the
presence of adventitious nitrogen from air exposure
could be observed in the spectra, however, the ob-
served amount was considerably smaller.

In the case of oxygen, this element is present
on the samples due to the exposition to the atmo-
sphere, either due to adventitious contamination,
oxidation, or water.

Figure 2 presents the XPS survey spectra of the
Pd nanolayer (100 nm) deposited on the silicon
measured at the angle of 35◦ for five areas on the
sample. The survey spectra were measured in the
electron binding energy range from 0 to 1300 eV.
The measured energy step was 0.1 eV, and the dwell
time was 0.1 s. In the spectra, both the photoelec-
tron (Pd 3s, Pd 3p, O 1s, N 1s, Pd 3d, C 1s, S
2s, Br 3p, S 2p, Si 2p, Pd 4s, Pd 4p, O 2s) and
Auger peaks (C-KLL, Pd-MNN , O-KLL) were
identified. Moreover, the following splitting was
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TABLE I

Element concentrations [at.%] on Pd and Ti surface nanolayers for five various regions of the nanolayer surface
measured at an angle of 35◦. The table presents element concentration mean values, standard deviations, and the
coefficients of variation.

Elements
Concentration [at.%] Mean

value [at.%]
Standard

deviation [at.%]
Variation

coefficient [%]Position 1 Position 2 Position 3 Position 4 Position 5
100 nm palladium nanolayer

Palladium 41.2 41.6 41.6 29.6 31.3 37.1 5.4 14.7
Silicon 23.3 22.2 15.5 36.6 36.7 26.8 8.4 31.3
Carbon 18.4 20.8 24.3 18.3 17.4 19.8 2.5 12.7
Oxygen 9.7 8.4 10.8 8.9 8.6 9.3 0.9 9.5
Sulfur 4.0 3.4 3.8 3.1 3.2 3.5 0.3 9.7
Nitrogen 3.1 2.9 3.4 2.9 2.2 2.9 0.4 13.4
Bromine 0.4 0.8 0.6 0.7 0.7 0.6 0.1 20.7

75 nm titanium nanolayer
Oxygen 46.9 45.7 45.3 45.5 45.5 45.8 0.6 1.3
Carbon 25.8 28.5 28.5 28.7 28.3 28.0 1.1 3.9
Titanium 25.7 24.7 24.9 23.9 24.8 24.8 0.6 2.3
Nitrogen 1.6 1.2 1.3 1.9 1.4 1.5 0.2 16.8

noticed: Pd 3p1/2 and Pd 3p3/2, Pd 3d3/2 and Pd
3p5/2, Pd 4p1/2 and Pd 4p3/2. Additionally, the
overlapping of the Pd 3p3/2 and the O 1s photo-
electron peaks was observed as well.

Similarly to the survey spectrum of titanium, el-
ements originating from the atmosphere are visible
(C, N, O). Furthermore, elements such as bromine
(Br), sulfur (S), and silicon (Si) can be observed
as well. The presence of the silicon photoelectron
peak (from the silicon substrate) in the recorded
XPS spectra is evidence that the Pd layer is not
uniform.

The registered survey spectra were used to
identify the elemental composition of the stud-
ied nanolayers. The quantitative analysis of el-
emental composition was performed with the
CasaXPS software. Table I presents element con-
centrations [at.%] on the Pd and Ti surface nanolay-
ers for various positions and the calculated mean
values, standard deviations, and coefficients of vari-
ation [%]. For the Pd nanolayer surface, the fol-
lowing mean element concentrations were obtained:
palladium (37.1 at.%), silicon (26.8 at.%), carbon
(19.8 at.%), oxygen (9.3 at.%), sulfur (3.5 at.%),
nitrogen (2.9 at.%), and bromine (0.6 at.%). Stan-
dard deviations were in the range from 0.1 at.% (Br)
to 8.4 at.% (Si), resulting in a variation coefficient
at the level of 10–30%. The most significant con-
centration variation was noticed for silicon (31%),
while the Pd concentration changed by about 15%.

For the Ti nanolayer surface, the following mean
composition was obtained: oxygen (45.8 at.%), car-
bon (28.0 at.%), titanium (24.8 at.%), and nitro-
gen (1.5 at.%). Standard deviations were in the
range from 0.2 at.% (N) to 1.1 at.% (C), result-
ing in a variation coefficient at a level of 1–17%.
The largest variation in concentration was observed
for nitrogen (16.8%), while the Ti concentration
changed within 2%.

Comparing the results for the Ti and Pd nanolay-
ers, it can be seen that the coefficient of varia-
tion is particularly greater when evaluating elemen-
tal concentrations within the sample of palladium
nanolayers. This suggests that the Pd nanolayer
sample shows a certain degree of surface heterogene-
ity, which is probably influenced by the sputtering
parameters.

3.2. Comparison of spectra for different
glancing angles

In the presented study, the X-ray photoelectron
spectroscopy was applied both in non-total and to-
tal reflection of primary X-ray beam conditions in
order to compare between XPS and TRXPS tech-
niques signal-to-noise ratio determining the detec-
tion limit. Applying the TRXPS method should im-
prove the value of the element detection limit.

In order to investigate the relationship between
the detection limit and the incidence angle, spec-
tra for three angles were collected, namely the typ-
ical XPS glancing angle (35◦) and the intermediate
value of angle (10◦) for both samples, and an angle
value below the critical angle (2.2◦ for Pd and 1.5◦

for Ti), for the center area on the samples.
Figures 3 and 4 present the XPS and TRXPS

survey spectra of the Ti nanolayer (75 nm) and Pd
nanolayer (100 nm), respectively, deposited on the
silicon (Si), for different glancing angles. The de-
crease in the intensities of the TRXPS spectra com-
pared to those at intermediate angles is related to
the change in the primary beam area on the sample
surface for different angles.

Table II presents element concentrations [at.%]
on the Pd and Ti surface nanolayers obtained from
survey spectra registered for the following angle val-
ues: 35◦, 10◦, 2.2◦(Pd), and 1.5◦(Ti). In addition,
Table II also provides element concentration mean
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TABLE II

Element concentrations [at.%] on the Pd and Ti surface nanolayers obtained from survey spectra registered for
angle values of 35◦, 10◦, 2.2◦(Pd), and 1.5◦(Ti). The table shows element concentration mean values, standard
deviations, and the coefficients of variation.

Elements
Concentration [at.%] Mean

value [at.%]
Standard

deviation [at.%]
Variation

coefficient[%]angle 35◦ angle 10◦ angle 2.2◦ angle 1.5◦

100 nm palladium nanolayer
Palladium 40.1 37.5 35.6 – 37.7 2.3 6.0
Silicon 20.5 22.7 24.7 – 22.6 2.1 9.2
Carbon 25.3 26.4 27.4 – 26.4 1.1 4.1
Oxygen 6.2 5.3 4.9 – 5.5 0.7 12.1
Sulfur 4.2 4.2 3.9 – 4.1 0.2 4.7
Nitrogen 3.5 3.7 3.3 – 3.5 0.2 5.7
Bromine 0.28 0.20 0.26 – 0.25 0.04 16.9

75 nm titanium nanolayer
Oxygen 45.4 45.3 – 43.7 44.8 0.95 2.1
Carbon 26.5 29.1 – 32.4 29.3 3.0 10.2
Titanium 27.1 24.5 – 22.4 24.7 2.4 9.3
Nitrogen 1.1 1.2 – 1.4 1.2 0.15 12.5

Fig. 3. XPS survey spectra of Ti 75 nm nanolayer
deposited on the silicon (Si) substrate for different
glancing angles: 35◦, 10◦, and 1.5◦ (below the crit-
ical angle for Ti (1.60◦)). The sample was irradi-
ated by the monochromatized Al Kα photons. In
the spectra, both photoelectron (O 1s, Ti 2s, Ti 2p,
N 1s, C 1s, Ti 3s, Ti 3p, O 2s) and Auger peaks
(C-KLL, N-KLL, Ti-LMM , O-KLL) were identi-
fied.

values, standard deviations, and the coefficients of
variation. For the Pd nanolayer surface, the follow-
ing mean element concentrations were achieved: pal-
ladium (37.7 at.%), silicon (22.6 at.%), carbon (26.4
at.%), oxygen (5.5 at.%), sulfur (4.1 at.%), nitrogen
(3.5 at.%), and bromine (0.25 at.%). Standard de-
viations were in the range from 0.04 at.% (Br) to
2.3 at.% (Pd), resulting in a variation coefficient at

Fig. 4. XPS survey spectra of Pd 100 nm
nanolayer for different glancing angles: 35◦, 10◦,
and 2.2◦ (below the critical angle for Pd (2.37◦)).
The sample was irradiated by the monochromatized
Al Kα photons. In the spectra, both photoelectron
(Pd 3s, Pd 3p, O 1s, N 1s, Pd 3d, C 1s, S 2s, Br 3p,
S 2p, Si 2p, Pd 4s, Pd 4p, O 2s) and Auger peaks
(C-KLL, Pd-MNN , O-KLL) were identified.

the level of 5–17%. The largest variation in concen-
tration was observed for bromine (17%), probably
due to low concentration, while the Pd concentra-
tion changed within about 6%.

For the Ti nanolayer surface, the following mean
composition was obtained: oxygen (44.8 at.%), car-
bon (29.3 at.%), titanium (24.7 at.%), and nitrogen
(1.2 at.%). Standard deviations were in the range
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TABLE III

The detection limit for the XPS/TRXPS techniques obtained for photoelectron peaks identified at the surface of
the Ti nanolayer (75 nm), based on the survey spectra registered for various glancing angles.

Photoelectron
peak

Binding
energy [eV]

FWHM
[eV]

Limit of detection [at.%]
angle 35◦ angle 10◦ angle 1.5◦

O 2s 21.5 2.79 1.229± 0.066 0.557± 0.020 0.298± 0.009

Ti 3p 36.7 2.67 0.452± 0.048 0.188± 0.020 0.084± 0.009

Ti 3s 61.6 4.44 1.396± 0.153 0.556± 0.060 0.276± 0.031

C 1s 284.8 1.53 0.275± 0.034 0.108± 0.012 0.048± 0.005

N 1s 399.3 1.25 0.120± 0.020 0.067± 0.010 0.036± 0.004

Ti 2p (Ti 2p3/2) 458.3 1.57 0.126± 0.012 0.047± 0.005 0.022± 0.002

O 1s 529.8 1.48 0.246± 0.006 0.103± 0.002 0.053± 0.001

Ti 2s 564.3 4.81 1.459± 0.145 0.611± 0.063 0.291± 0.032

from 0.15 at.% (N) to 3.0 at.% (C), which resulted
in the variation coefficient at the level of 2–13%.
The most significant variation in concentration was
observed for nitrogen (13%), while the Ti concen-
tration changed within about 9%.

3.3. XPS/TRXPS detection limit

The analysis of the XPS/TRXPS spectra, which
focused on the photoelectron peaks intensity and
the level of background, enabled estimating the de-
tection limit (DL) of these techniques, which can be
calculated using the following formula

DL =
3C

In

√
Ib
t
, (2)

where C is the element concentration in the studied
nanolayer probed by the XPS/TRXPS technique,
In is the net intensity of the analyzed photoelectron
peak, Ib is the background level under this peak,
and t is the measurement dwell time.

Table III presents the detection limit achieved for
element photoelectron peaks identified at the sur-
face of the Ti nanolayer (75 nm) deposited on a sil-
icon substrate, based on the survey spectra regis-
tered for 35◦, 10◦, and 1.5◦ (total reflection regime)
angles. In the case of the Ti 2p photoelectron peak,
the Ti 2p3/2 component was analyzed.

Table III also presents the binding energy and
FWHM of the photoelectron peaks, calculated as
the average of values from measurements performed
for the discussed angles. The standard deviation
for the mean value of the binding energy is at the
level of 0.1 eV, while the standard deviation for the
average value of the FWHM is about 0.4 eV. Ele-
ment concentration needed for calculating DL was
assumed as a mean value achieved from the sur-
vey spectra registered for angles 35◦, 10◦, and 1.5◦

(Table II).
In calculating the detection limits, the change in

the surface area of the primary beam associated
with the change in the glancing angle was taken
into account. The ratio of the primary X-ray beam

area at 1.5◦ to the beam area at 35◦ reached ap-
proximately 22, while the ratio of the beam area at
2.2◦ to the beam area at 35◦ was approximately 15,
and, finally, at 10◦ it was 3.3.

The obtained values of DL depend on the glanc-
ing angle and vary in range from 0.120 to 1.459
at.% for 35◦, from 0.047 to 0.611 at.% for 10◦,
and, finally, from 0.022 to 0.298 at.% for 1.5◦. It
can be observed that the application of the primary
X-ray beam total reflection reduces DL by a factor
of about 3-6 compared to the classical XPS condi-
tions.

Moreover, for the given element, e.g., Ti or O,
the detection limit value depends on the type of the
analyzed photoelectron peak and is the lowest for
the strongest peak. In the case of titanium, it is
the Ti 2p photoelectron peak, while for oxygen, it
is O 1s.

The DL uncertainty was determined using the to-
tal differential method, taking as the uncertainty of
the element concentration the standard deviation
determined from the measurements of the survey
spectra for different angles (Table II). The square
root of the intensity was taken as the uncertainty
of the intensity.

As can be seen in Table III, the relative uncer-
tainty of the detection limit reaches 3–17%, with
an average of 10%. Finally, the lowest value of detec-
tion limit, for the 75 nm Ti nanolayer, was achieved
for the Ti 2p peak, for angle 1.5◦, being equal to
0.022± 0.002at.%.

Table IV presents the detection limits for element
photoelectron peaks identified at the Pd nanolayer
(100 nm) surface deposited on the silicon substrate,
based on the survey spectra registered for 35◦, 10◦,
and 2.2◦ (total reflection regime) angles. In the case
of Pd 3p, the Pd 3p3/2 was analyzed. For Pd 3d,
it was Pd 3p5/2, and for Pd 4p, it was Pd 4p3/2.
Table IV also contains the values of the binding en-
ergy and the FWHM of photoelectron peaks, which
were calculated as an average of values from the
measurements performed for the discussed angles.
The standard deviation for the mean value of the
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TABLE IV

The detection limit for the XPS/TRXPS techniques obtained for photoelectron peaks identified at the surface of
the 100 nm Pd nanolayer, based on the survey spectra registered for various glancing angles.

Photoelectron
peak

Binding
energy [eV]

FWHM
[eV]

Limit of detection [at.%]
angle 35◦ angle 10◦ angle 2.2◦

O 2s 23.0 0.40 1.354± 0.203 0.761± 0.115 0.340± 0.053

Pd 4p 51.5 8.16 0.847± 0.060 0.381± 0.026 0.228± 0.016

Br 3d 68.6 0.77 0.044± 0.007 0.021± 0.004 0.010± 0.002

Pd 4s 87.6 4.00 2.602± 0.193 1.188± 0.082 0.556± 0.039

Si 2p 99.8 0.99 0.526± 0.060 0.230± 0.022 0.153± 0.014

Br 3p 163.3 2.31 0.054± 0.009 0.022± 0.004 0.012± 0.002

S 2p 181.8 0.95 0.300± 0.020 0.118± 0.007 0.063± 0.004

S 2s 227.6 2.08 0.327± 0.022 0.176± 0.010 0.077± 0.004

C 1s 284.8 1.57 0.361± 0.020 0.143± 0.007 0.084± 0.004

Pd 3d 335.5 1.41 0.055± 0.003 0.022± 0.001 0.013± 0.001

N 1s 399.1 0.88 0.591± 0.043 0.282± 0.017 0.156± 0.010

Pd 3p 532.6 3.14 0.303± 0.019 0.123± 0.008 0.072± 0.005

Pd 3s 672.1 5.71 3.641± 0.251 1.297± 0.086 0.765± 0.052

binding energy was at the level of 0.3 eV, and
the standard deviation for the mean value of the
FWHM was also about 0.3 eV. Element concentra-
tion necessary for calculating DL was assumed as a
mean value from the survey spectra registered for
the following angles: 35◦, 10◦, and 2.2◦ (Table II).

As for the Ti nanolayer, the obtained values of
DL depended on the glancing angle and varied from
0.044 to 3.641 at.% for angle 35◦, from 0.021 to
1.297 at.% for 10◦, and, finally, from 0.010 to 0.765
at.% for 2.2◦. It can be observed that applying the
primary X-ray beam total reflection reduced the DL
by a factor of about 3–5 compared to the classical
XPS conditions.

For Pd, the value of the detection limit depends
on the type of analyzed photoelectron peak and is
the lowest for the strongest peak Pd 3d (i.e., Pd
3p5/2).

As can be seen in Table IV, the relative uncer-
tainty of the detection limit was at 5–18%, with
an average of about 10%. Finally, the lowest value
of detection limit, for the 100 nm Pd nanolayer, was
achieved for an angle of 1.5◦ (0.010± 0.002at.%).

4. Conclusions

In the presented study, the X-ray photoelectron
spectroscopy in the non-total and total reflection
conditions was applied to analyze the Ti (75 nm)
and Pd (100 nm) nanolayers deposited on Si sub-
strate with magnetron sputtering. The survey spec-
tra were registered for different glancing angles, i.e.,
35◦, 10◦, and 2.2◦ for the Pd nanolayer and 1.5◦

for the Ti nanolayer. The analysis of the spectra
concentrated on examining the binding energy, the
FWHM, the intensity, and the background level for

the registered photoelectron peaks. The nanolayer
surface homogeneity, defined by the variation co-
efficient of element concentration, was obtained
as 2.3% for Ti and 14.7% for the Pd sample.
The obtained detection limit for XPS/TRXPS was
in the range from 0.010 to 3.6 at.%, depending
on the glancing angle, nanolayer, and photoelec-
tron peak of the detected element. In general,
the application of total reflection X-ray photoelec-
tron spectroscopy geometry improves the detection
limit of the X-ray photoelectron spectroscopy tech-
nique by a factor of 3–6, depending on the an-
alyzed nanolayer and the type of photoelectron
peak.

Knowledge of the properties of the Ti and Pd
nanolayer surfaces will be applied to interpret the
results of the studies conducted at the Institute of
Physics of Jan Kochanowski University, related to
the formation of the nanostructures in the interac-
tion of the highly charged xenon ions with nanolay-
ers. The XPS/TRXPS analysis of other metallic
nanolayers will serve as the continuation of the pre-
sented studies.
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