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ABSTRACT

X-ray photoelectron spectroscopy (XPS), which intrinsically requires vacuum, was used to characterize chemical species in a liquid using
laboratory XPS apparatus equipped with a conventional Al-Ka source and an environmental cell with an ultra-thin silicon nitride membrane
as a quasi-transparent window for the transmission of X-rays and photoelectrons. Aqueous solutions of cesium chloride at different concen-
trations were encapsulated in the cells, and the membrane in contact with the solution was irradiated with X-rays to collect the photoelec-
trons emitted from the chemical species in a liquid through the membrane. Cs 4d photoelectron peaks were observed, and the peak intensity
increased proportionally with the concentration. Thus, the quantitative analysis of solution species by this method is demonstrated.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5093351

X-ray photoelectron spectroscopy (XPS), which is employed to
nondestructively analyze the composition, the oxidation states, and
the chemical bonding of elements at a solid surface, is one of the indis-
pensable techniques for research and development. In XPS, since pho-
toelectrons emitted by a sample when irradiated with X-rays are
detected by an electron analyzer, vacuum conditions are essential to
prevent significant loss of intensity due to the scattering of photoelec-
trons in gas and liquid phases. However, tremendous efforts have been
devoted to utilize XPS for analyzing liquid samples1 and solid-liquid
interfaces.2–4

Siegbahn et al. performed pioneering photoelectron spectroscopy
of liquid samples using a technique called “liquid jet” in the 1970s,5

shortly after the development of XPS by their group. In this system, a
flowing liquid column was generated with a liquid nozzle placed in a
vacuum chamber, and the photoelectrons emitted from the surface of
the liquid column were detected by a differentially pumped electron
analyzer under high vacuum (<2� 10�5Torr). This technique has
been utilized for characterizing a wide variety of systems such as water,6

organic solvents,7 ionic species,8 and nanoparticles in a liquid phase.9–11

Apart from electrochemical XPS systems equipped with an elec-
trochemical cell and an electron analyzer,12–15 a few innovative techni-
ques for analyzing liquid samples and solid-liquid interfaces have been
developed. One is the utilization of ionic liquids, the vapor pressure of
which is almost zero even in vacuum. Electrochemical processes taking
place at the ionic liquid-electrode interfaces have been investigated by
detecting photoelectrons emitted from the surfaces of ionic liquids and
electrodes.16–18 Although these studies provide key information, the
physicochemical properties of ionic liquids are significantly different
from those of water or organic solvents. Therefore, an alternative
approach is required for the analysis of such ordinary liquids.

In combination with near ambient pressure (NAP)-XPS, which
can be used to analyze solid-liquid or solid-gas interfaces under
relatively low vacuum conditions using a differential pumping
system,2,19–23 a “dip and pull” method has been utilized for a thin liq-
uid-layer-coated electrode surface partially pulled up from a liquid res-
ervoir placed in an analysis chamber.24,25 When the liquid layer is very
thin (�10nm), not only the solution species but also the species
adsorbed onto the electrode surface and the oxidation state of the
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electrode surfaces can be analyzed by detecting the photoelectrons
emitted from the electrified interfaces through the liquid layer.26,27

Another approach involves the utilization of an environmental cell
in which a liquid or gas sample can be sealed using a thin membrane
such as graphene oxide,28 Si,29 and graphene30–33 as a window for trans-
mitting X-rays/photoelectrons and a separator between vacuum and the
environment. In contrast to the dip and pull method, this technique, in
principle, does not impose a limitation on the thickness of the liquid
phase, because neither X-rays nor photoelectrons pass through the liq-
uid. However, the photoelectron intensity could get substantially attenu-
ated while passing through the membrane because of the scattering of
photoelectrons. For example, the attenuation length of photoelectrons is
typically approximately several nanometers34 in the case of Mg-Ka (h�
¼ 1253.6 eV) or Al-Ka (h� ¼ 1486.7 eV) excitation, which is widely
used in laboratory apparatus. Therefore, utilization of hard X-rays at
synchrotron radiation facilities was considered as an effective approach
to detect the photoelectrons through the membrane, because it can sig-
nificantly increase the attenuation length of photoelectrons. However, it
brings about an inevitable reduction in the photoionization cross-
sections. Therefore, it is desirable to introduce environmental cells into
the common laboratory apparatus. The utilization of soft X-rays and
thin silicon nitride membranes that have been proposed and demon-
strated previously,28,35 combined with the recent improvements in the
laboratory XPS instrument, enables one to revisit this issue.

In our previous study, an environmental cell equipped with a
15 nm-thick Si membrane as a quasi-transparent window was fabri-
cated.29 Then, an in situ XPS study of electrochemical oxidation of Si
at the Si-water interface was carried out under bias application by
employing hard X-rays (�6 keV) from a synchrotron source. In the
present study, we constructed an environmental cell with a 5 nm-thick
silicon nitride membrane and demonstrate XPS of liquid samples in
the cell using laboratory-based apparatus with a conventional Al-Ka
source. Solutions of cesium chloride in water at various concentrations
were encapsulated in the cells, and the photoelectrons emitted from
the chemical species in the solution were quantitatively detected by
studying the concentration-dependence of the photoelectron intensity.

Solutions of cesium chloride (CsCl; Kanto Kagaku, 98.0%) at dif-
ferent concentrations (0.6, 1.1, 2.6, and 4.5 M) were prepared using
pure water from a Milli-Q system (Merck Millipore). Because the sili-
con nitride membrane is most probably non-stoichiometric in compo-
sition, it is denoted SiN.28 SiN microchips (SiMPore, Inc.) were
applied as a window of the environmental cell, which can encapsulate
a liquid sample in its cavity. The microchip has a 5 nm-thick quasi-
transparent SiN membrane with a dimension of 30� 30lm at the
center of a 3-mm-long Si microchip, as shown in Figs. 1(a)–1(c).

Figure 1(d) illustrates the dimension of the environmental cell
and the principle of XPS for analyzing liquid samples. The proce-
dure for preparing the environmental cell has been reported
previously.29 Plasma treatment (PIB-10, Vacuum Device) was per-
formed on SiN to obtain a hydrophilic SiN surface, and a droplet of
the solution was placed on the surface. After combining the chip
with a piece of conductive copper tape (Seiwa Electric MFD), the
solution was sealed by applying a sealant available for vacuum
(Torr SealV

R

, Varian), and then dried at room temperature under
ambient conditions. The resulting cells were screened for the XPS
measurements by observing them with an optical microscope, as
shown in Fig. 1(e).

XPS was performed on an AXIS NOVA (Shimadzu Kratos)
equipped with a monochromatic Al-Ka source at an operating X-ray
power of 300W without neutralizing charge using an electron gun.
The photoelectron take-off angle (h) was fixed at 0�, and the aperture
of the hemispherical analyzer was placed perpendicular to the sample
surface. The analysis area was a spot with a diameter of 110lm, and
the energy of the photoelectrons passing through the analyzer (pass
energy) was 160 eV. The vacuum pressure in the analysis chamber was
�5� 10�8 Torr.

As a reference sample, CsCl solution was drop-casted on a hydro-
philic SiN membrane, and the dried sample was analyzed with and
without charge neutralization.

In general, a thinner membrane has better transparency for pho-
toelectrons, although its mechanical strength is weaker (the membrane
can be ruptured easily). The attenuation ratio, Is=I0, of photoelectrons
for three different membranes with thicknesses of 5, 10, and 15nm
was estimated using the following equation:

Is=I0 ¼ exp �d=kIMFP � cos hð Þ; (1)

where d, kIMFP, and h are the thickness of the membrane, the inelastic
mean free path of electrons calculated using the TPP-2M equation,34

and the take-off angle of photoelectrons (0�), respectively. We
assumed a stoichiometric Si3N4 membrane for the calculation of
kIMFP. Figure 2 shows the attenuation ratio of the photoelectron
through the 5, 10, and 15nm-thick Si3N4 membranes as a function of
the kinetic energy of photoelectrons. The results suggest that, in the
case of the 5 nm-thick Si3N4 membrane, �20% of photoelectrons
ejected from the Cs 4d level upon exciting with Al-Ka (Kinetic energy
¼ 1410 eV) pass through the membrane without inelastic scattering,
whereas only 4% and 0.8% of the photoelectrons pass through 10 and
15nm-thick membranes, respectively. Thus, the 5 nm-thick SiN mem-
brane was chosen as a window for the environmental cells.

The red curve in Fig. 3 is the Cs 4d photoelectron spectrum
acquired from a cell filled with 4.5 M aqueous CsCl solution. A doublet

FIG. 1. (a) Cross-sectional and (b) top views of the Si chip and (c) a magnified
image of the quasi-transparent SiN membrane. (d) Schematic illustration of the
environmental cell and configuration of the XPS system. Photographs of the quasi-
transparent windows used for screening: (e) filled with a liquid sample, (f) deflated,
and (g) disrupted causing leakage of the liquid sample.
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peak corresponding to Cs 4d5/2 and 4d3/2 is observed at 75.8 and
78.1 eV, respectively. The ratio of the integrated peak area (4d5/2:4d3/2)
was calculated to be approximately 3:2 by curve fitting, which is in
good agreement with the theoretical value for the split d orbital
peaks.36 The Cs 4d peaks were obtained only from the quasi-
transparent window part, indicating that the observed Cs 4d signals
indeed originated from the aqueous CsCl solution encapsulated in the
cell and detected through the membrane.

The photoelectrons from dried CsCl powder (reference sample)
deposited on the membrane were collected through the membrane
without charge neutralization. The Cs 4d peak shifted to a higher bind-
ing energy by more than 5 eV (blue curve in Fig. 3) with respect to that
of the liquid sample (red curve in Fig. 3). In addition, the ratio of the
Cs 4d5/2 and 4d3/2 peaks was found to be approximately 1:1, which sig-
nificantly deviates from the theoretical value of 3:2. This change is
attributed to the very low conductivity of the solid CsCl, resulting in
charge-up due to the emission of photoelectrons. This difference
between the solid and liquid samples suggests that the liquid, water,
was certainly sealed in the cell and acted as a conductive medium for
electrons. When solid CsCl was subjected to charge neutralization
using an electron gun that supplies low-energy electrons to compensate

for the charge due to the ejected photoelectrons, a doublet Cs 4d peak
with the theoretical ratio of peak intensity was observed at almost the
same energy (black curve in Fig. 3) as that of the aqueous solution (red
curve in Fig. 3), confirming that the cesium ions observed as a red
curve in Fig. 3 certainly existed in the liquid phase.

The quantitative analysis of cesium ions in solutions was per-
formed as shown in Fig. 4. The intensity of the Cs 4d5/2 peak increased
in proportion to the concentration of the CsCl solution when the cells
filled with aqueous CsCl solutions at different concentrations (0.6, 1.1,
2.6, and 4.5 M) and pure water were analyzed. The peak area ratios of
Cs 4d/Si 2s and Cs 4d/Si 2p also increased proportionally with the
concentration of CsCl, as shown in Fig. S2 (supplementary material).
This result clearly indicates the capability of this technique for quanti-
tative characterization of chemical species in a solution. Meanwhile,
the position of the Cs 4d5/2 peak at each concentration remains almost
constant (standard deviation 60.13 eV), suggesting that the oxidation
state of cesium ions was almost identical. Although the Cl 2p and O 1s
regions were also analyzed to evaluate the chloride ions and liquid
H2O in the aqueous solution, these peaks were not clearly observed
because of the peak overlap with other strong spectral features. The
details are summarized in the supplementary material.

In conclusion, we fabricated environmental cells filled with CsCl
aqueous solutions of various concentrations using a 5 nm-thick SiN
membrane as a transparent window for the transmission of X-rays
and photoelectrons, and demonstrated XPS analysis of liquid samples.
The Cs 4d photoelectrons passing through the membrane were
detected using laboratory XPS apparatus equipped with a conventional
Al-Ka source. Furthermore, the peak intensity increased proportion-
ally with the concentration of the solutions, proving the capability of
quantitative XPS analysis of chemical species in a solution enclosed in
the cell, in a laboratory. Application of this technique for investigating
electrochemical processes at solid-liquid interfaces is under progress in
our laboratory.

See supplementary material for the wide scan and narrow scan
spectra.

FIG. 2. Attenuation ratio of the photoelectron intensity (IS/I0) passing through the
5 nm (red), 10 nm (blue), and 15 nm-thick (green) Si3N4 membranes as a function
of the kinetic energy of photoelectrons.

FIG. 3. Cs 4d photoelectron spectra acquired from the cells filled with a 4.5 M
aqueous CsCl solution without charge neutralization (red curve) and a dry solid
CsCl sample without (blue curve) and with charge neutralization (black curve).

FIG. 4. (a) Cs 4d photoelectron spectra of pure water and 0.6, 1.1, 2.6, and 4.5 M
aqueous CsCl solutions in environmental cells. Each spectrum was collected with
an acquisition time of �200min. Linear approximation was adopted for background
subtraction. (b) Concentration-dependence of the intensity of the Cs 4d5/2 peak.
The black dashed line is a linear fit to the data.
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