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Glancing incidence x-ray fluorescence spectrometry using a single-bounce parabolic capillary is proposed for the
analysis of layered samples. The divergence of the x-ray beam was 0.33 mrad. In this paper, we used this instrumental
setup to analyze a Si single crystal and a 50 nm HfO2 single-layer film deposited on a Si substrate.
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deposition, film analysis
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1. Introduction
X-ray fluorescence (XRF) spectrometry is an established

analytical tool for detecting trace amounts of material on a
micrometer depth scale.[1,2] It has been applied in several re-
search fields, such as chemical analysis,[3] mineral analysis,[4]

archaeometry,[5] medicine,[6] jewelry identification[7] and en-
vironmental sciences.[8,9] In conventional XRF spectrometry,
the angle of incidence of the primary x-ray beam is usually
set to around 45◦ to study the properties of relatively deep re-
gions of the sample. However, the nanoscale depth properties
of samples cannot be obtained using conventional XRF spec-
trometry.

Grazing incidence x-ray fluorescence (GIXRF) analysis
is a nondestructive technique on a nanometer depth scale that
can measure nanoscale depth properties of samples, such as el-
emental composition, concentration profile and the thickness
and density of surface layers. In GIXRF spectrometry, the
grazing incidence x-ray beam interferes with the x-ray beam
reflected by the smooth sample, and an x-ray standing wave
(XSW) field is formed above the reflective surface, which
modifies the XRF excitation intensity.[10] The fluorescence
yield is associated with the XSW field. In order to benefit from
the enhancement of the interference effect resulting from the
formation of an XSW, the grazing incidence x-ray beam on the
sample usually has low divergence and is monochromatic.[11]

The range of grazing incidence angle varies depending on the
energy of the x-rays and the test sample, and is usually from
0◦ up to three or four times the total reflection critical angle.

A conventional GIXRF spectrometer has two types of
x-ray optics systems to acquire a suitable low-divergence
monochromatic grazing incidence x-ray beam. One is the

combination of a filter and double-slit system and the other
is a monochromator (crystal) and single-slit system. How-
ever, these two x-ray optical systems for GIXRF spectrome-
ters may result in a loss of x-ray intensity, which increases
the experimental time. In order to reduce the loss of x-ray
intensity, Yang et al.[12] proposed an x-ray optics system for
GIXRF technology, which consists of a parallel polycapillary
x-ray lens (PPXRL) and a filter. In this experimental setup, a
0.02 mm×0.05 mm microbeam was obtained using two slits.
Although a GIXRF spectrometer based on PPXRL can effec-
tively reduce the loss of x-ray intensity it has a relatively large
divergence of 0.6 mrad, which is related to the multiple total
reflections of x-rays in PPXRL. The output divergence β from
a capillary of a PPXRL is approximately given by the total
reflection critical angle at the inner wall of the capillary, and
therefore depends on the x-ray energy,[13] as show in Fig. 1.

A single-bounce parabolic capillary (SBPC) is an impor-
tant single total reflection type x-ray optical device that can re-
flect the divergent x-ray beam into a quasi-parallel x-ray beam,
and there is no output divergence β caused by multiple total
reflections (Fig. 1). Therefore, it can obtain a higher-quality
parallel x-ray beam than a PPXRL for GIXRF analysis. In
addition, its transmission efficiency is higher than that of a
PPXRL, at about six times that of a PPXRL. A SBPC also
eliminates the low-energy background and high-energy com-
ponent of the primary x-ray spectrum.[12]

In this paper, we propose the use of a SBPC to perform
GIXRF analysis of a layered sample. The performance of
this GIXRF spectrometer is presented, and application of this
GIXRF technology in analysis of a 50 nm HfO2 single layer
deposited on a Si substrate is studied.
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Fig. 1. Sketches of x-ray reflections from (a) a PPXRL and (b) a SBPC.

2. Experiment

Figure 2 shows a schematic diagram of the GIXRF spec-
trometer with a SBPC. The x-ray source is a Mo rotating-
anode x-ray generator with a spot size of 300 µm×300 µm. In
the experiment the operating voltage and current were 35 kV
and 50 mA, respectively. A Nb filter placed between the
source and the SBPC was used to obtain monochromatic in-
cident x-rays (Mo Kα). A beam stop in front of the SBPC was
used to block the incident x-rays that were not reflected by the
SBPC, and a pinhole of 0.02 mm×0.6 mm consisting of two
slits was placed in front of the sample to narrow the x-ray beam
emerging from the SBPC. The sample was adjusted by a mo-
torized X–Y –Z–R stage. A silicon drift detector (SDD) with
a sensitive area of 80 mm2 was used to detect x-ray fluores-
cence (its energy resolution was less than 139 eV at 5.9 keV).
The input focal length L1 is the distance from the x-ray source
to the entrance of the SBPC. The transmission efficiency of
x-rays through the SBPC, η , can be expressed as

η =
Iout

Iin
, (1)

where Iin is the x-ray intensity entering the SBPC with a beam
stop and Iout is the x-ray intensity emitted from the exit of the
SBPC.

Slits
SBPCFilter

SDD

Computer

MCA

Motor 

controller

Beam stop

X↩Y↩Z↩R stage

X ray source

Fig. 2. Schematic diagram of the GIXRF setup with a SBPC.

3. Results and discussion
3.1. SBPC

The parameters of the SBPC are presented in Table 1. The
length of the SBPC is 100.0 mm. Figure 3 shows microscopic
cross-sectional images of the entrance and exit of the SBPC.
The surface error of the SBPC is mainly diameter error and
centerline error. In order to evaluate the quality of a SBPC,
a constant ratio method of inner and outer diameters based
on a digital micrometer was used to obtain the diameter error

Table 1. Parameters of SBPC.

Parameters SBPC
Input focal length L1 (mm) 200.0

Length L (mm) 100.0
Input diameter d1 (mm) 1.20

Output diameter d2 (mm) 1.47
Surface slope error (µrad root mean square) 17.96

Transmission efficiency η (%) 87.80

1.47 mm

(b)

1.20 mm

(a)

Fig. 3. (a) Input diameter d1 of the SBPC. (b) Output diameter d2 of the
SBPC.
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Fig. 4. (a) Comparison of the theoretical diameter of the SBPC with
measured data. (b) Diameter error of the SBPC. (c) Centerline error of
the SBPC.
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and centerline error. A detailed introduction to this method is
given by Sun et al.[14] Figure 4(a) compares the theoretical di-
ameter of the SBPC with the measured data. The red curve is
the ideal diameter curve for the SBPC and the black squares
are the measured data obtained by the digital micrometer. Fig-
ures 4(b) and 4(c) show the diameter error and centerline error
curves of the SBPC, respectively. The total surface slope error
can be obtained from the diameter error and centerline error,
and its root mean square is 17.96 µrad.

3.2. Beam divergence of the SBPC

In order to evaluate the divergence of a beam incident on
the sample, a knife edge scan method was used to measure
the width of the x-ray beam at different positions along the di-
rection of the incident x-rays. A detailed introduction to this
method is given by Yang et al.[12]
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Fig. 5. (a) The vertical intensity distribution curve of the x-ray beam
obtained by the knife edge scanning method. (b) Relationships between
the x-ray beam width and the position of the knife edge.

Figure 5(a) shows the result of the knife edge scan ob-
tained at a distance of 34 mm between the slit and the knife
edge. The green curve is the normalized integral intensity
curve obtained by the knife edge scan method. The black cir-
cles are the differential data corresponding to the green curve,
and the red curve is the Gaussian fitting curve of the differ-
ential data with a full width at half maximum (FHWM) of
21.28 µm. The vertical normalized intensity distribution of the
x-ray beam emerging from the slits is approximately a Gaus-
sian distribution. The x-ray beam width is the FHWM of the
Gaussian fitting function. X-ray beam widths were obtained at
eight different locations, as shown in Fig. 5. The divergence

of the x-ray beam incident on the sample was calculated as
0.33 mrad by linearly fitting the x-ray beam widths at different
positions; this was smaller than the divergence of the GIXRF
setup with a PPXRL. There are two main reasons for the di-
vergence of x-rays emitted from a SBPC: one is the focal spot
size of the x-ray source and the other is the surface slope error
of the SBPC.

3.3. Evaluation of the stability of the GIXRF setup with a
SBPC

In order to obtain better counting statistics and a shorter
experimental time, the scan step size used was 0.0125◦ and the
detection time of each scan step was 30 s. A Si single crystal
was used to optimize the sample position and grazing inci-
dence angle for the GIXRF spectrometer, and the optimized
XRF-normalized intensity spectrum of the Si single crystal is
shown in Fig. 6. The Si Kα fluorescence intensity changes
drastically around the angle θc,Si = 1.74 mrad, which is re-
lated to the energy of the incident x-rays. In order to evaluate
the stability of this GIXRF setup with a SBPC, we repeated
the detection of the Si single crystal ten times, and the stan-
dard deviation of the angle θc,Si was 0.02 mrad. Therefore,
this GIXRF setup with a SBPC had good testing repeatability.
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Fig. 6. Glancing angle dependence of normalized intensity for a Si sin-
gle crystal.

3.4. Application of a SBPC in GIXRF analysis of a HfO2
single-layer film

The scanning electron microscopy image of the cross sec-
tion of a HfO2 single-layer film is shown in Fig. 7. The HfO2

single layer was deposited on a Si substrate by atomic layer
deposition and its thickness was about 50 nm. The glancing
angle dependence of normalized intensity for a HfO2 single-
layer film is shown in Fig. 8. The Hf Lα fluorescence intensity
increased dramatically around the angle θc,Hf = 3.27 mrad.
The density of the HfO2 single layer can be given by

ρ =
π ∑i wiAi

reNA ∑i wi f1,i
·θ 2

c ·E2 ≈ 9.63 g/cm3, (2)

where E is the energy of incident x-rays (17.4 keV), NA is the
Avogadro constant, wi is the proportion of HfO2 atoms i, Ai is
the atomic weight of HfO2 atoms i, re is the classical electron
radius and f1,i is the real part of the anomalous atomic form
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factor f , which can be obtained from the NIST website.[15] As
shown in Fig. 8, the ripples in the GIXRF spectra are caused
by interference of the grazing incidence x-ray beam and the
reflected beam, and these ripples are one of the main features
of GIXRF spectra. According to GIXRF theory, the intensity
of x-ray fluorescence is related to the thickness of the layered
sample. Therefore, GIXRF technology is an effective analyti-
cal method for the density and thickness of layered samples.

Fig. 7. Scanning electron microscope image of the cross-section of a
HfO2 single-layer film deposited on a Si substrate.
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Fig. 8. Glancing angle dependence of normalized intensity for a HfO2
single layer deposited on a Si substrate.

4. Conclusion and perspectives
In this research, a newly developed GIXRF spectrometer

using a SBPC was applied for the analysis of layered samples.
The evaluated divergence of the x-ray beam was 0.33 mrad.
The SBPC can eliminate low-energy background and the high-
energy component of the primary x-ray spectrum. Divergence
of the SBPC increases with the spot size of the x-ray source,
so in order to achieve the low divergence required for GIXRF
analysis, the SBPC was designed with a large input focal

length L1, which increased the loss of the x-ray beam. Two
approaches have been proposed to solve this problem: one is
to use a SBPC coated with a high-density material to increase
the x-ray total reflection critical angle and thus increase the
receiving solid angle; the other is to use a microfocus x-ray
source, which allows a SBPC to be designed with a small in-
put focal length L1. Both these approaches can increase the
intensity of x-rays incident on the sample, and also ensure that
the x-ray beam has a low divergence.
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