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Precise measurement of ultrathin film thickness
via a neutron capture reaction

Liang Zhao,? Caijin Xiao, (2*® Yonggang Yao,® Xiaoyu Xu,* Wei Wang,®
Xiangchun Jin,? Yu Zhang,? Guojian Guo® and Wenxu Zhong®

Accurate measurement of ultrathin film thickness is of significant importance in both scientific research
and industrial applications. In this study, a neutron capture reaction was successfully employed to measure
the thickness of ultrathin Cu films (~nm) as well as applied to determine the thickness of materials in the
semiconductor industry, specifically SisNg4 films. The method was demonstrated to be non-destructive and
applicable to several different films. Finally, a methodology is proposed to guide the experimental design
for thickness measurement. This suggests that the nondestructive method provides a novel approach for
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Introduction

Nanometer-scale thin film materials exhibit significant grain
boundary effects, size effects, and quantum effects, resulting
in unique optical, mechanical, electromagnetic, and gas-
sensing properties." Consequently, they have broad applica-
tion prospects in areas such as high-density magnetic record-
ing materials,> optical devices,® optoelectronic materials,* so-
lar cell materials,” hydrogen storage materials,® efficient
catalysts, and superconducting materials.”® Various methods
are employed for measuring thin films depending on their
characteristics. Common methods include transmission elec-
tron microscopy (TEM), X-ray reflectometry (XRR), beta-ray
transmission, and laser interferometry.”"' These techniques
possess broad applicability and distinctive advantages. For in-
stance, XRR enables rapid and nondestructive analysis of
single- and multi-layer thin films."”*™'* Previous studies have
experimentally and computationally validated the effective-
ness and accuracy of NDP for measuring nanometer-scale
thin films."> This method calculates thin film thickness by
measuring the energy loss of charged particles with a specific
initial energy generated from neutron nuclear reactions as
they pass through the film. The underlying principles are il-
lustrated in Fig. 1.

Neutron Depth Profiling (NDP) is a near-surface material
analysis technique. It was first proposed in 1972 by Ziegler
et al.'® for determining the concentration of boron impurities
in substrates and subsequently applied to the semiconductor
field. NDP is based on the (n,p) or (n,a) reactions that occur
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measuring thin film thicknesses ranging from the nanoscale to the microscale.

when light element isotopes such as Li, Be, and B capture
neutrons, releasing charged particles with specific kinetic en-
ergies. By measuring the energy distribution of the emitted
particles, the depth profile of the target element can be accu-
rately determined."”” NDP is non-destructive to the analyzed
samples,'® and the influence of the substrate material on the
measurements is minimal. This technique plays a crucial role
in the fields of semiconductors, high-temperature alloys, and
energy materials."* "

Here, the NDP technique provides an innovative approach
for measuring the thickness of a set of ultrathin Cu films
(~tens of nanometers). The nondestructive measurement of
the thickness of protective Si;N, films on the surface of boro-
phospho-silicate glass was carried out. Additionally, the non-
destructive measurement of the thickness of single-layer
Si;N, films was done using a special experimental design.

. o
82
o ™ ‘AOO

09 °3 "
e—l :’;’ %
mm— )3)J a

e} % 2
—_

Eg

X= ] dE/S(E)
Ex

Fig. 1 Schematic of thin film thickness measurement using nuclear

reactions to calculate the film thickness based on the energy lost by

particles in the material.®
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Finally, a methodology was proposed to assist the experimen-
tal design.

Experimental setup

This experiment was conducted using the Neutron Depth Pro-
filing (NDP) system at the China Advanced Research Reactor
(CARR). The detection system primarily consists of an o de-
tector, a preamplifier, and a digital multichannel analyzer. A
Canberra PD300-16-100 AM detector was used, which has a
full width at half maximum (FWHM) of 13.6 keV for the 5.486
MeV o particles from **'Am.>*> The vacuum level can reach
3.4 x 107 Pa.”® The angle between the neutron beam inci-
dence direction and the sample plane is approximately 45°,
and the angle between the silicon detector detection direction
and the sample plane is approximately 90°.>* The experiment
was conducted in the cold neutron channel of the CARR reac-
tor with an irradiation flux of approximately 10° cm™ s™'. The
structure of the device is shown in Fig. 2.

Samples prepared

In the experiment, the thin film materials measured were Cu
and SizN,. Two Cu thin films were prepared by first deposit-
ing a 10 nm thick LiF layer on a SiO, substrate using evapora-
tion coating. Subsequently, Cu layers with thicknesses of 30
nm and 50 nm were deposited on top of the LiF layer,
followed by another 10 nm LiF layer on the surface of the Cu
film, forming a Cu/LiF/Cu sandwich structure. The Li content
in the layers is composed of natural Li. The thickness of the
Cu films was calculated by measuring the different energy
losses of *H and “He particles generated from the reactions
between Li in the two LiF layers and neutrons.

Furthermore, this measurement method was extended to
more comprehensive thin film thickness measurements.
SizN, thin films, known for their high hardness, high elastic
modulus, excellent thermal stability, and superior electrical
insulation, are indispensable in the fields of microelectron-
ics, semiconductors, and optoelectronics.>> >’

Firstly, a set of Si;N, thin films were uniformly deposited
on the surface of Boro-phospho-silicate Glass to provide pro-
tection. Secondly, a single-layer Si;N, thin film sample (Silson
Ltd., Insight Park, Welsh Road East, Southam Warwickshire,
CV 47 1NE, England) was measured. This sample had dimen-
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Fig. 2 Schematic view inside the vacuum system of the NDP
instrument.
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sions of 10 mm x 10 mm and a thickness of approximately
one micron. In the experiment, the single-layer Si;N, film
was placed before the B,C material so that the neutrons can
pass through the SizN, film and react with '°B in B,C. The
energy of the emitted particles was measured after they
passed through the film, utilizing the nuclear reaction be-
tween '°B and neutrons. Details of the thin film samples can
be found in the SI.

Results

The experimental energy spectra of Cu thin film samples of
different thicknesses are shown in Fig. 2. For thinner films
(30 nm and 50 nm), the *H particles (2727 keV) generated by
the nuclear reaction do not lose sufficient energy after pass-
ing through the sample to be useful for analysis. Therefore,
we selected “He particles (2055 keV) for the calculations. The
specific method for particle selection will be discussed later
in the article.

For the 30 nm Cu film, the energies of the *He particles
before and after passing through the film were 2055.51 keV
and 2038.19 keV, respectively. This means that the “He parti-
cles lost 17.32 keV of energy while passing through the film.
Through calculations (see Thickness calibration), the thick-
ness of the Cu film was determined to be 28 nm.

For the 50 nm thick Cu film, the energies of the “He parti-
cles before and after passing through the film were 2055.15
keV and 2027.11 keV, respectively. The *He particles lost 28.04
keV of energy while passing through the film, resulting in a
calculated thickness of 48 nm for this film sample (Fig. 3(a)).

These experiments were conducted under the current
CARR-NDP experimental conditions. The calculated results
show a small deviation from the reference thicknesses, indi-
cating that this method is still capable of accurately measur-
ing the thickness of thin films in the tens-of-nanometers
range.

For the first set of SizN, thin film samples (SizN, films
covering the surface of boro-phospho-silicate glass), we ob-
tained the experimental results as shown in Fig. 4. After '°B
reacted with neutrons, “Li and *He particles were produced.
To obtain the energy information of “Li particles, background
subtraction is necessary. Hence, “He particles were used in
the calculations, which have relatively clean background con-
ditions. In the boro-phospho-silicate glass, B is doped to a
certain depth, resulting in a continuous flat energy peak in
the spectrum. For measuring the thickness of the Siz;N, thin
film on the surface, we only need to consider the nuclear re-
actions of surface '°B with neutrons. By differentiating, we
can obtain the energy of the emitted “He particles from the
surface layer.*®

The initial energy of the *He particles produced from the
1°B-neutron reaction is 1472 keV. In sample #1, the remain-
ing energy of the particles was 1464.12 keV, resulting in a cal-
culated SizN, film thickness of 23 nm. In sample #2, the re-
maining energy of the particles was 1465.45 keV, giving a
calculated thickness of 21 nm for the Si;N, film. These

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3
LiF(10 nm) energy spectrum.

calculated results align with the expected values from the
sample sources, demonstrating the ability to measure the
thickness of individual layers in multilayer thin films.

For the second set of single-layer SizN, thin films, the
films were placed over the surface of the B,C material. The
thickness was calculated using the energy information of the
*He particles produced from the '°B-neutron reactions. Under
these experimental conditions, the single-layer Si;N, thin
film remained undamaged, making this method suitable for
the non-destructive measurement of precious thin films. The
experimental energy spectrum is shown in Fig. 5.

After passing through the SizN, thin film, the energy of
the “He particles attenuated to 1063.71 keV. Given that the
initial energy of the produced “He particles was 1472 keV,
they lost 408.29 keV of energy after traversing the single-layer
SizN, film. This energy loss corresponds to a calculated thick-
ness of 936 nm for the single-layer Si;N, film.

Discussion

The NDP experiment measured the thickness of five thin film
samples, including Cu and Si;N, materials. For the Cu thin

© 2025 The Author(s). Published by the Royal Society of Chemistry

(@) NDP measurement of the LiF(10 nm)/Cu(30 nm)/LiF(10 nm) energy spectrum and (b) NDP measurement of the LiF(10 nm)/Cu(50 nm)/

film samples, there were two different thicknesses (50 nm
and 30 nm), with measured results of 48 nm and 28 nm, re-
spectively. The largest measurement deviation was observed
in the 30 nm thick film, reaching 6.7%. This deviation is
closely related to the peak overlap in the spectra, which intro-
duced significant errors during peak analysis and fitting,
leading to larger measurement discrepancies. For thinner
films, selecting '°B as the neutron-reactive nuclide and using
the a particles it produces with an energy of 1472 keV for
thickness calculations can reduce such measurement
deviations.

Relevant information on data processing is provided in
the SI. Potential uncertainty in NDP measurements include
small-angle scattering of charged particles, energy strag-
gling of charged particles, detector geometry acceptance an-
gles, and electronic devices (electronic noise, dead time,
etc.). Since this study does not require consideration of the
total peak area statistical count, related statistical errors
are negligible. Therefore, only two main points need to be
considered: 1. Errors arising during data fitting. However,
in the experimental fitting process, all fitting models
achieved R” values above 0.99, ensuring high accuracy; 2.
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Fig. 4 (a) NDP measurement of the boro-phospho-silicate glass#1 energy spectrum of surface-covered SizN4 films. (b) NDP measurement of the
boro-phospho-silicate glass#2 energy spectrum of surface-covered SizN4 films.
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Fig. 5 Experimental measurement results of the single-layer SizN4 film.

Errors during SRIM calculations. The uncertainty in calcu-
lating the stopping power of materials using SRIM is less
than 2%.
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Energy (MeV)

The choice of nuclide for neutron reactions is crucial for
accurately measuring thickness. In the Cu thin film experi-
ments, *H particles, which have a higher initial energy (2727

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Residual energy of some charged particles after passing through Cu films of different thicknesses

kev 5 nm 10 nm 50 nm 100 nm 200 nm 500 nm 1000 nm
*H (2727 keV) 2726.4 2725.9 2721.4 2715.8 2704.6 2670.9 2614.6
“He (2055 keV) 2052.1 2049.4 2026.9 1999.1 1942.7 1771.2 1475.4
‘He (1472 keV) 1468.9 1465.9 1441.7 1411.4 1350.5 1165.2 850.9
“Li (840 keV) 835.6 831.3 796.9 754.6 672.6 447.1 150.9
Table 2 Residual energy of some charged particles after passing through graphene films of different thicknesses

kev 5 nm 10 nm 50 nm 100 nm 200 nm 500 nm 1000 nm
*H (2727 keV) 2726.7 2726.4 2724.3 2721.5 2716.1 2699.6 2672.2
“He (2055 keV) 2053.4 2051.9 2039.4 2023.7 1992.4 1897.0 1732.9
‘He (1472 keV) 1470.2 1468.4 1453.9 1435.8 1399.3 1288.2 1095.5
“Li (840 keV) 836.2 832.6 803.4 767.3 696.8 502.7 248.4

keV) and lower mass, lose less energy in Cu thin films com-
pared to *He particles, according to the Bethe-Bloch formula.
Since the measured Cu thin films are at the nanometer scale,
the 2727 keV *H particles do not lose significant energy in
the film. Given the energy resolution of the detection system,
*H particles, which experience smaller energy losses, are pr-
one to peak overlap. Analyzing these overlapped peaks in-
volves complex fitting. Theoretically, particles directly cap-
tured by the detector without passing through the thin film
sample do not experience significant energy straggling. Thus,
in this experiment, the broadening of energy peaks is influ-
enced by two factors: 1. Energy loss of emitted particles trav-
eling through a high vacuum environment to the detector; 2.
The inherent energy resolution of the detection system.

Therefore, the energy peak of particles emitted from the
film's surface (without passing through the film) should be
“narrow and tall,” while the peak for particles passing
through the entire film sample should be broader with lower
counts per channel. Based on these conclusions, the over-
lapped peak can be separated into two peaks—one before
and one after passing through the film. The difference in
peak energy values can then be used to calculate the film
sample's thickness.

Although this fitting process can accurately describe the
energy information of emitted particles, it still introduces
some fitting uncertainty. Therefore, appropriate nuclides
should be selected based on the film's thickness and material
to produce emitted particles with suitable energies after nu-
clear reactions.

Nuclides with high neutron reaction cross-sections include
He, °Li, "Be, '°B, "N, 70, **Na, *s, *°Cl, and *°K. Some of
these nuclides present issues such as radioactivity and low
natural abundance. Thus, we selected materials containing
specific nuclides, such as those containing °Li and '°B. For
these two nuclides, information on their energy losses in Cu
and graphene films of different thicknesses was provided to
guide the selection of appropriate materials in practical mea-
surements. The nuclear reactions for these two nuclides with
neutrons are as follows:

© 2025 The Author(s). Published by the Royal Society of Chemistry

°Li + n — *H(2727 keV) + *He(2055 keV)

B + n — *He(1472 keV) + "Li(840 keV)[93.7%]

B + n — *He(1777 keV) + "Li(1013 keV)[6.3%]

Among the generated particles, the following specific par-
ticles were selected to complete the thickness measurement
of most thin materials: *H (2727 keV), *He (2055 keV), “He
(1472 keV), and "Li (840 keV). Tables 1 and 2 present the cal-
culated results of these four energetic charged particles in Cu
and graphene.

From the tables, it is evident that regardless of whether it is
the Cu film, which has a high stopping power, or the graphene
film, which has a relatively low stopping power, the *H particle
with an initial energy of 2727 keV exhibits strong penetration ca-
pabilities. Significant energy loss occurs only when it traverses
films with thicknesses on the order of hundreds of nanometers.
Conversely, for films with thicknesses in the micrometer range,
some particles lose almost all their energy, or their remaining
energy falls within the low-energy background range of the spec-
trum, making it difficult to clearly separate the energy peaks.
Therefore, for such thicker films, *H (2727 keV) particles are
more suitable for relevant calculations.

The “Li (840 keV) particle, which has the lowest energy,
shows significant energy loss in films with thicknesses rang-
ing from a few nanometers to several tens of nanometers.
Theoretically, such particles lose more energy over the same
distance in the target material. This is reflected in the spec-
trum as a larger change in channel number after traveling
the same distance. Therefore, using "Li (840 keV) particles for
thickness measurement provides better resolution (this mea-
surement method's resolution can be expressed as nm keV ™'
or nm per channel, where channel refers to the number of
channels). Thus, such high-mass, low-initial-energy particles
are suitable for high-resolution measurements of thinner
films.
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For *He particles with two initial energies, there is mea-
surable energy loss across various thickness ranges (=10 nm)
in both materials, which can be used to calculate the film's
thickness. Even after significant energy loss, these particles
retain some residual energy. For example, a *He particle with
2055 keV still has over 1000 keV of energy after traversing
films with thicknesses in the hundreds of nanometers to mi-
crometer range. Under these conditions, the energy peaks are
not interfered with by the low-energy background, making it
easier to separate the peaks clearly and calculate the thick-
ness, thereby reducing calculation errors during data
processing.

The energy loss of particles should neither be too large
nor too small. On one hand, if the particles lose most of their
energy, the remaining energy reaching the detector will be
very low, causing the energy peak to fall into the low-energy
background range and increasing the errors during back-
ground subtraction and peak fitting. On the other hand, min-
imal energy loss may result in peak overlap (as seen in the ex-
periment with 2727 keV *H particles traversing a 30 nm Cu
film), which also affects the results. Considering the energy
resolution of the detection system, the energy loss of charged
particles is typically controlled within a range of a few hun-
dred keV.

Experimental methods

NDP measurement. NDP spectra were acquired using a
“cold” neutron depth profiling facility at the CARR. In the ex-
periments, a ®10 mm neutron beam was employed, so the
measured film thickness represents an area-averaged value.
The roughness of the film contributes to the broadening of
the energy. On the other hand, the degree of broadening can
also be used to evaluate the roughness of the film. The work-
ing principle is based on the nuclear reaction between °Li
(natural lithium Li with a relative abundance of 7.5 at%) and
a neutron according to eqn (1):

°Li + n — *He(2055.55 keV) + *H(2727.92 keV) (1)

The *H and “He particles generated in the sample are
emitted with a specific energy, 2727.92 and 2055.55 keV, re-
spectively. During this process, the particles lose some energy
due to their interaction with the sample, but because the ex-
perimental chamber has a high vacuum, the energy loss of
the particles is negligible, except for the energy lost during
their interaction with the sample. Therefore, the thickness of
the thin film sample can be determined by analyzing the dis-
parity in energy deposition of emitted particles within the de-
tector, which occurs as a result of the LiF films situated on
both sides of the sample.

Thickness calibration. In this study, we used TRIM for rel-
evant calculations, simulating the residual energy of particles
generated by nuclear reactions as they traverse film samples
of varying thicknesses. The data were fitted using the three-
parameter Weibull function, which is defined as follows:
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The fitting parameters can be found in the SI. The rela-
tionship between the residual energy of the particles and the
thickness of the film samples was fitted using a quadratic
function. The fitting results are as follows.

The relationship between the residual energy (E) of He
particles and the thickness (X) of Cu films is described using
the following equation:

X =3321.8 - 1.444F - 8.52 x 10 °E?

The relationship between the residual energy (E) of He
particles and the thickness (X) of SizN, films is described
using the following equation:

X =3239.53 - 2.233E + 2.27 x 10 °E*

Conclusion

Experimental success in measuring film thickness using a neu-
tron capture reaction and application of the method to the
semiconductor field was demonstrated. The novel method has
been demonstrated to allow non-destructive measurement of
film thicknesses ranging from the nanoscale to the microscale.
Additionally, a method to optimize the experiment and improve
the accuracy of the results was proposed.

However, several aspects of the method still require fur-
ther improvement. Firstly, in data analysis, the presence of
overlapping peaks in the energy spectra can complicate the
determination of peak values, potentially increasing errors.
Therefore, accurately resolving overlapping peaks is crucial.
This issue can be mitigated by altering experimental condi-
tions, such as changing the reacting nuclide. Secondly, this
paper only provides basic calculations and theoretical expla-
nations for nuclide selection. In the future, these should be
integrated into a user-friendly computational program to sim-
plify the calculation process.
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