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We describe a new experimental technique that allows for soft x-ray spectroscopy studies
(~100-1000 eV) of high pressure liquid (~100 bars). We achieve this through a liquid cell with a
100 nm-thick Si3N4 membrane window, which is sandwiched by two identical O-rings for vacuum
sealing. The thin SizN4 membrane allows soft x-rays to penetrate, while separating the high-pressure
liquid under investigation from the vacuum required for soft x-ray transmission and detection. The
burst pressure of the Si3sN4 membrane increases with decreasing size and more specifically is inversely
proportional to the side length of the square window. It also increases proportionally with the mem-
brane thickness. Pressures > 60 bars could be achieved for 100 nm-thick square SizN4 windows that
are smaller than 65 um. However, above a certain pressure, the failure of the Si wafer becomes the
limiting factor. The failure pressure of the Si wafer is sensitive to the wafer thickness. Moreover,
the deformation of the SizN4 membrane is quantified using vertical scanning interferometry. As an
example of the performance of the high-pressure liquid cell optimized for total-fluorescence detected
soft x-ray absorption spectroscopy (sXAS), the sXAS spectra at the Ca L edge (~350 eV) of a CaCl,
aqueous solution are collected under different pressures up to 41 bars. Published by AIP Publishing.
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l. INTRODUCTION

Modern scientific research always relies on the devel-
opment of advanced characterization techniques, which has
greatly expanded the horizon of our knowledge. Techniques
such as x-ray spectroscopy utilize interactions between x-rays
and the core electrons of matter to provide fundamental infor-
mation related to the local geometry and/or electronic structure
of the sample with element sensitivity. In particular, soft x-ray
absorption spectroscopy (sXAS) with the incident photon
energy below 1 keV can reach critical core electron levels, such
as C, N, and O K-edge as well as transition metal (TM) L-edge,
which allows for the direct probing of the chemically impor-
tant C, N, O 2p and TM 34 valence electron states through
electric dipole allowed transitions.! Moreover, both surface
and bulk sensitive information can be obtained simultaneously
through the different detection channels of sXAS. Over the
past several decades of development, sXAS has become a well-
established technique that finds its applications in many differ-
ent scientific fields, including molecular and condensed matter
physics,>* material science and engineering,>® chemistry,’~!°
and biology and earth science.'!!?

»R. Qiao and Y. Xia contributed equally to this work.
b Authors to whom correspondence should be addressed: wichao @Ibl.gov and
jguo@Ibl.gov.
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The sXAS technique has been widely adopted for study-
ing solid samples of different forms; however, its applica-
tion to gaseous samples, solutions, solid/gas, and solid/liquid
interfaces is rather challenging as these systems are not
compatible with the vacuum environment required by sXAS
measurement due to the strong interaction of soft x-rays
with the atmosphere. Different approaches have been devel-
oped in order to overcome this incompatibility, and these
include differential pumping, liquid jet combined with a cry-
otrap, and a variety of liquid and gas cells.'*2 The differ-
ential pumping technique helps us to create a relatively high
vapor pressure space (~100 mbars) around the sample, while
keeping the rest of the instrumental volume under adequate
vacuum required for soft x-ray and electron transportation.
In the case of liquids, a micro-jet nozzle is used to inject lig-
uid directly into the differentially pumped analysis chamber,
and the liquid sample is collected using a cryotrap. However,
equilibrium conditions, well-controlled pressure and temper-
ature are difficult to achieve with such setups. To allow bet-
ter control, various liquid and gas cells have been developed,
in which the liquid or gas is separated from the vacuum by
a thin membrane window. Due to the low transmittance of
soft x-ray, the membrane has to be composed of light ele-
ments, such as beryllium (Be), silicon nitride (SizNy4), and
polyimide (PI), with the thickness normally less than a few
hundred nanometers. The fabrication of Si3N4s membrane

Published by AIP Publishing.
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windows utilizes well-established silicon microfabrication
techniques, with which heating/ cooling, electric bias, and
other functions could also be easily integrated into the same
chip. As a result, the reliability and versatility of the Si3Ny
window have opened unprecedented opportunities for the
studies of materials and reactions in practical conditions.
Over the past a few years, Si3N4 window based gas/liquid
cells equipped with multiple functions, such as high temper-
ature reaction!82% and in siru electrochemical reaction,!#1”
have been developed.

However, due to the delicate nature of the thin SizNy
membrane, these experiments have only been done at or
slightly above ambient pressure to date. In fact, many tech-
nological and environmentally important processes occur at
elevated temperature and pressure. For example, the Earth’s
lithostatic pressure gradient is ~220 bars/km, and the ther-
mal gradient is ~25 °C/km; so studies relevant to subsurface
fluids, including hydrothermal aqueous fluids and hydrocar-
bons and mineral surfaces, require pressure-compatible appa-
ratus.?’” Soft-X-ray spectroscopy could provide insights into
chemical reactions associated with ore formation,?® shale
reservoir and caprock evolution,'? and geothermal systems.?’
In addition, the ability to study subcritical and supercriti-
cal carbon dioxide (critical temperature at 31.1 °C and crit-
ical pressure at 73.9 bars) will be of great utility for the
application of this fluid as a green synthesis medium,* the
development of photoelectrochemical mechanisms of CO;
reduction,' and improved prediction of the chemical pro-
cesses involved for successful subsurface geological carbon
sequestration.?

In this paper, we carry out comprehensive studies on the
burst pressure and deformation of the SizN4 window for soft
x-ray spectroscopy applications in high pressure liquids. The
effects of changing size and thickness of the Si3N4 mem-
brane as well as the thickness of the Si wafer are investi-
gated. The high pressure liquid cell optimized for detecting
soft x-ray absorption spectroscopy in total fluorescence yield
mode is presented. We also demonstrate the first soft x-ray
absorption spectra collected under different pressures up to
41 bars at the Ca L-edge (~350 eV) of a CaCl, aqueous
solution.

Il. SisN; MEMBRANE WINDOWS AND THE HIGH
PRESSURE SOFT X-RAY CELL

The fabrication of the Si3N4y membrane window takes
advantage of the anisotropic etching of the (100) oriented sin-
gle crystal silicon as well as the smoothness and rigidity of
the thin self-supporting SizNy film.>*34 The anisotropic etch-
ing rate of silicon in a strong alkaline solution decreases in
the order (100), (110), and (111). Figure 1(a) shows the front
view of the Si3zN4 membrane window. The cavity formed by
etching is truncated pyramidal in shape, bounded by four side-
walls which represent the slowest etching (111) crystal planes
forming an angle of 54.7° with the (100) surface plane. The
fabrication was done at the Center for X-Ray Optics (CXRO)
in Lawrence Berkeley National Lab (LBNL). Si (100) wafers
coated with thin Si3Ny films on both sides were purchased from
Addison Engineering, Inc. The SizNy coating on one side of
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FIG. 1. Si3zNg4 membrane window and the high-pressure soft x-ray cell.
(a) Front view of the Si3N4 window. (b) A diagram showing the principle
of the high-pressure cell. (c) The assembly drawing of the high-pressure soft
x-ray cell.

the wafer becomes the transparent membrane window through
a process of optical lithography, which removes a specific
pattern of Si3N4 on the opposing side as well as a similar pat-
tern of the Si bulk material between them. A spin-coating pro-
cess applies a UV sensitive photoresist to one side of the wafer
onto which is transferred the array pattern of individual win-
dows. In addition, the pattern includes cleaving lines, which
specify the individual Si frames surrounding each window. The
window pattern with cleave lines is imaged to the photoresist
by UV exposure through pre-engineered Cr on a glass pho-
tomask which is carefully aligned to the Si crystal lattice by
use of a mask aligner. A bath of developer removes the pho-
toresist exposed through the mask leaving the unexposed resist
intact. Thus, the window pattern with cleave lines is defined
by the imaged side SizNy coating in a field of photoresist. The
imaged side of the wafer is then subjected to a reactive ion etch
which removes all the exposed SizNy leaving the unexposed
SizN4 under the resist intact. After removing the remaining
resist, the imaged side of the wafer shows the window and
frame lines pattern of exposed Si bulk in a field of the remain-
ing Si3Ny coating. A bath in a 30% solution of potassium
hydroxide at 80 °C preferentially etches the exposed Si bulk
material all the way through the wafer thickness to the unex-
posed side of the wafer leaving the Si3N4 coated areas on both
sides of the wafer intact. The cleave lines have been specifi-
cally configured to limit the depth of the lines to typically 40%
of the wafer thickness. The designed pattern of SizN4 mem-
brane windows then exists on the unexposed side of the wafer,
and a pattern of cleaving lines defining the individual win-
dow frames exist on the exposed side along with the pattern of
etched divots, which create the window openings through the
wafer.

For our study of the application of the Si3sNs membrane
window for high-pressure sXAS, a series of different windows
were fabricated. The study focuses on the size and thickness
dependence of the burst pressure of the Si3;N4 membrane. The
impact of other factors, such as Si frame thickness, is also
investigated. The baseline of the study is the burst pressure of
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the square SizN4 windows with 100 nm thick Si3;N4 membrane
and 500 um thick Si frame, as a function of the membrane
size, which is varied in the range of 5 yum—1 mm. The effects
of varied Si3;N4 membrane thickness (100 nm, 200 nm, and
500 nm) and Si frame thickness (200 ym and 500 pm) are also
studied. Unless otherwise mentioned, the Si3sN4y membrane is
in low tensile stress (<250 MPa + 50 MPa), and the dimension
of the Si frame is 6.35 mm X 6.35 mm.

Figure 1(b) shows the principle of the high pressure sXAS
cell. It utilizes two identical Viton O-rings with the outer
diameter (OD) of 6 mm and inner diameter (ID) of 4 mm
to support the Si3zN4 window. The bottom O-ring also has
the function to confine the high-pressure liquid, while the top
O-ring seals the vacuum from the atmosphere in the case of
sXAS experiments. Figure 1(c) shows the assembly drawing
of the high pressure sXAS cell. The cap is made of stainless
steel with a center conical hole to reveal the SizN4 membrane
window. The holder has one inlet and one outlet to allow lig-
uid to flow, and it is made of polyether ether ketone (PEEK)
allowing for electrical isolation which would accommodate
later developments requiring electrical contacts relevant for
in situ electrochemical experiments using sXAS. The liquid
volume of the cell is about 1.5 mm?>. The high-pressure lig-
uid is applied on the flat side of the SizN4 window using a
Teledyne Isco 100DM syringe pump operating in constant
pressure mode. The three-dimensional (3D) deformation of
the SizN4 window in response to the applied hydrostatic pres-
sure is quantified using vertical scanning interferometry (Zygo
NewView™ 7300 with a 50x Mirau objective). All the burst
pressure and deformation testing is carried out at 1 bar ambient
pressure. For high pressure sXAS experiments, the stainless
steel cap is affixed to a long tube with flange, which allows it to
be positioned in the high vacuum analysis chamber [Fig. 1(c)].
The sXAS measurements are performed at the undulator
beamline, BL 8.0.1 of Advanced Light Source (ALS),* in
LBNL.

Rev. Sci. Instrum. 89, 013114 (2018)

lll. BURST PRESSURE AND DEFORMATION TESTING

The size dependence of the burst pressure of the SizNg
membrane window is plotted in Fig. 2 in the log-log scale. It
is evident that the data can be divided into two regions. Below
60 bars, burst pressure is inversely proportional to the side
length of the square Si3N4 membrane window. The one-to-one
correspondence between membrane size and burst pressure in
this range is also listed at the right-hand side of Fig. 2. How-
ever, when the burst pressure goes above 60 bars, a strong
deviation from the linear line is observed. In this region, the
burst pressure only shows weak size dependence, and the vari-
ation of the burst pressure data increases as the membrane
size reduces. We noticed that when the burst pressure is below
60 bars, the SizN4 membrane bursts while the Si frame stays
intact. In sharp contrast, the Si frame always breaks if the burst
pressure is above 60 bars. This suggests that the tested burst
pressure above 60 bars is actually the breaking pressure of
the Si frame in the current supporting structure (Fig. 1). The
observations clearly show that above 60 bars, the breaking of
the single crystal Si frame has become the limiting factor. In
a later section, we will discuss more about the factors related
to the breaking of the Si frame.

The data demonstrate the utility of Si3sN4 membranes for
high-pressure studies. The burst pressure of the 1 mm SizNy
membrane window is about 3 bars, which is already good for an
ambient pressure sXAS experiment. For high pressure sXAS, it
is shown that a 65 pm Si3N4 window can stand the impressively
high pressure up to 59 bars. In fact, if the Si frame does not
break, a 5 um large and 100 nm thick Si3;N4 membrane should
be able to stand a pressure of 795 bars as regression predicts.
Because modern soft X-ray beamlines can achieve a small
focused beam size at the sample (e.g., the beam spot of the
Beamline 8.0.1 at ALS can be focused down to 25 um on the
sample35 ), small Si3N4 membrane windows can be used and
will not be an issue for the high pressure sXAS experiment.
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Besides membrane size, membrane thickness is another
important factor that affects the burst pressure of the SizNy
window. In Fig. 3(a), we plot the burst pressure of the Si3Ny
windows of different membrane thicknesses (100 nm, 200 nm,
and 500 nm), as a function of the membrane size. The burst
pressure is inversely proportional to the membrane size below
60 bars regardless of the membrane thickness. Above 60 bars,
the Si frame starts to break and the tested burst pressure
is that of the Si frame breaking pressure. As the thickness
of the Si3sNs membrane is three orders of magnitude thin-
ner than the Si frame (500 um), the impact of the differ-
ent Si3N4 membrane thicknesses on the Si frame breaking
pressure is negligible. Moreover, based on the burst pressure
data below 60 bars, we can deduce the membrane thick-
ness dependent coefficient Py, which is from P = Py L!
[P is the burst pressure (bar) and L is the size (um)]. The
relation between Py and membrane thickness is plotted in
the inset of Fig. 3(a), showing that the burst pressure of
the Si3N4 window is inversely proportional to the membrane
thickness.

Although a thicker Si3 N4 membrane window holds higher
pressure, its application in sXAS is limited by the low trans-
mittance. Figure 3(b) shows the transmittance of soft x-ray
in the photon energy range of 1-2200 eV through the SizNy4
membrane of different thicknesses. The x-ray transmittance
follows an overall logarithmic growth with respect to the pho-
ton energy, except for the three sudden drops due to the absorp-
tion of Si3Ny at Si L-edge (~135 eV), N K-edge (~410 eV),
and Si K-edge (~1860 eV). Meanwhile, the difference among
the transmittance of the different Si;N4 membrane thicknesses
is larger at lower photon energy, which gradually decreases for
the higher photon energy. For example, the transmittance at C
K-edge (~285 eV) is 46% for 100 nm-thick Si3Ny, 21% for
200 nm, and only 2% for 500 nm. Therefore, 500 nm-thick
Si3Ny will most likely not be suitable for C K -edge sXAS mea-
surement. At O K-edge (~545 eV), the transmittance becomes

X-Ray Photon Energy (eV)

68% (100 nm), 46% (200 nm), and 15% (500 nm), and at Fe
L-edge (~710 eV) it further increases to 82%, 68%, and 38%,
respectively. For sXAS measurements in this range, a trade-
off can be made by considering the desired pressure, available
beam size, and transmittance for different Si3N4 window thick-
nesses. At the photon energy of 1000 eV, the transmittance
reaches 92%, 85%, and 68 % corresponding to the Si3 Ny thick-
ness of 100 nm, 200 nm, and 500 nm, respectively. The SizNy
thickness has less impact on the x-ray transmittance when the
photon energy is above 1000 eV.

As stated above, the Si frame of the Si;N4 membrane win-
dow starts to break above a certain pressure, which becomes
the limitation of the high pressure sXAS application. In order
to study factors related to the Si frame breaking, we compare
the burst pressure curves of Si3N4 membrane windows of dif-
ferent Si frame thicknesses, 500 ym and 200 um, as shown in
Fig. 4. For the two sets of data, all the parameters except for
the Si frame thickness are the same, including the same Si3N4
membrane specification and the same testing setup. The thick-
ness of the Si3sN4 membrane is 100 nm. At low pressure, they
both follow the same linear path in the log-log plot because
the burst pressure is inversely proportional to the SizN4 mem-
brane size. For Si3N4 windows with 200 um thick Si frames,
the divergence from this linear line due to wafer breaking hap-
pens at around 10 bars, which is far less than 60 bars for those
with a 500 um thick Si frame. The results clearly demonstrate
that SizN4 membrane bursting and Si frame breaking are two
independent factors that affect the burst pressure of the SizNy
window. Although a thicker Si frame is more resilient to the
high pressure, we would like to point out for the same sized
SizNy4 window, a thicker Si frame creates bigger opening on
the front side of the window [Fig. 1(a)] due to the anisotropic
etching, which in turn reduces the frame strength. Therefore,
it might not be feasible to keep increasing the frame thickness
in order to raise its breaking pressure. Other than the thickness
of the Si frame, we believe that the defects (such as pin holes)
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FIG. 4. Size dependence of the burst pressure of the Si3N4 window with
different Si frame thicknesses in a log-log plot. The dimension of the Si frame
is 6.35 mm X 6.35 mm x 500 (or 200) um. The SizN4 membrane is 100 nm
thick and in low tensile stress (<250 MPa + 50 MPa).

of the SizNy film also play an important role because these
defects would not only compromise the membrane strength
but also allow holes to be formed on the frame surface dur-
ing the KOH etch, reducing the frame strength. This could
explain the variation observed on the wafer breaking pressure
(from 60 bars to 150 bars for 500 um thick Si frames). More-
over, the choice of O-rings could also affect the deformation of
the Si frame. Here, we choose two identical O-rings to support
the Si wafer as one of the optimized conditions. In addition,
the wafer breaking issue could be mitigated by restraining its
deflection under high pressure through methods such as reduc-
ing the area under high pressure fluid and/or designing a better
supporting structure for the Si frame. These approaches are
currently under development.

In order to delve deeper into the mechanical properties of
the thin SisN4 membrane, the deformation of the membrane
under increased pressures is quantified using vertical scan-
ning interferometry (Zygo NewView 7300 with a 50x Mirau
objective). The dimension of the tested Si3N4 membrane win-
dow was 75 pym x 75 um X 100 nm (thickness). Based on
the burst pressure testing (Fig. 2), the window would break
at around 51 bars. Deformation testing was measured up to
47 bars. As shown in Fig. 5, the deformation is defined as
the distance between the highest and lowest points in the
Z direction (perpendicular to the membrane surface), which
is plotted as a function of the applied pressure. The mem-
brane images are taken at different pressures marked by solid
circles. It is shown that the deformation increases linearly
with the applied pressure when the pressure is low and it
tends to saturate when getting closer to the burst pressure.

Rev. Sci. Instrum. 89, 013114 (2018)

The maximum deformation observed at 47 bars is about 4 um,
which is roughly 5% of the side length of the square Si3Ny
window.

IV. DEMONSTRATION

To test the performance of the high pressure liquid cell
for sXAS, we collected Ca L-edge sXAS spectra of SM CaCl,
aqueous solution at different pressures up to 41 bars, which are
shown in Fig. 6(a). For this measurement, the Si3;N4 window
is the same as the one used in the deformation testing (Fig. 5).
The SizN4 membrane is in low tensile stress, square shape
(75 pm x 75 pm), and 100 nm thick, and the Si frame is
6.35 mm X 6.35 mm X 500 um. The burst pressure has been
tested to be at around 51 bars. Prior to the sXAS experiment, we
also tested the mechanical endurance of the SizN4 membrane
window, which was repeatedly deformed between 40 and O bar
for 50 times and remained unbroken. It is the mechanical
strength and endurance of the SizN4 window that allows us
to further pursue the in situ high pressure sXAS experiments.
The sXAS measurements are carried out at the undulator beam-
line, Beamline 8.0.1 of Advanced Light Source, in LBNL.3¢
The beam size is focused down to about 50 um, and the photon
flux is about 102 photons per second on the SizN4 window.
The sXAS spectra are collected in total fluorescence yield
(TFY) using a channeltron electron multiplier and normalized
to the beam flux measured by a clean gold mesh. As shown in
Fig. 6, the Ca L3 »-edge absorption features correspond to the
dipole allowed 2p-3d transitions.!"3” Although fine features
are not well resolved on the spectra due to the low signal-
to-noise ratio, it is observed that the relative intensity of the
L3 and L, peaks changes with the pressure [Fig. 6(b)]. The
Ca L3 >-edge absorption edge is sensitive to the local environ-
ment of Ca,® and it is possible that the observed trend indi-
cates a change in the average number of waters of hydration,
which is known to exhibit a marked dependence on tempera-
ture.>® However, the dependence upon pressure is unknown
and further study will be required to interpret the spec-
tral change. Nevertheless, this experiment demonstrates the

T T T T

Deformation (um)
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Size: 75 um X 75 um

0 10 20 30 40 50
Pressure (bar)

FIG. 5. Deformation of the Si3N; membrane window as a function of
applied pressure. The dimension of the Si3Ny window is 75 um X 75 um
X 100 nm (thickness). The deformation is defined as the distance between
the highest and lowest points in the Z direction (perpendicular to the mem-
brane surface). The images are taken under different pressures marked by solid
circles.
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feasibility and capability of the thin SizN4 membrane win-
dow used for the development of the high pressure soft x-ray
absorption techniques.

V. CONCLUSION

In conclusion, we have developed the in sifu high pres-
sure soft x-ray cell. As a demonstration of its performance,
the first high pressure sXAS spectra are collected on the Ca
L-edge of the CaCl, aqueous solution at different pressures
up to 41 bars. The key to this success is the utilization of
the superior mechanical strength and endurance of thin SizNy
membrane windows. Comprehensive studies were conducted
in order to understand critical factors that affect the hydrostatic
strength of the Si3N4 membrane window. It is found that the
burst pressure of the square SizN4 membrane increases with
the decreasing size and is inversely proportional to its side
length. The burst pressure also increases proportionally with
the membrane thickness. Burst pressures above 60 bars could
be achieved for 100 nm-thick square Si3N4 windows that are
smaller than 65 um, and particularly the 5 um Si3 N4 membrane
is predicted to be able to stand the impressive high pressure
of 795 bars. However, above a certain pressure, the limiting
factor of the burst pressure comes from the breaking of the sin-
gle crystal Si frame that holds the Si3Ns membrane. Similar
to the SizN4 membrane, the breaking pressure of the Si frame
is related to its thickness. In the current setup that uses two
identical O-rings to hold the window and to seal the vacuum,
the 500 um thick Si frame starts to break at around 60 bars.
Ways to mitigate the Si frame breaking issue have been dis-
cussed and are currently under development. Furthermore,
the three-dimensional deformation of the SizN4 membrane is
quantified using interferometry. And lastly, we would like to
point out that, in addition to the application in the high pressure
sXAS cell, the superior mechanical strength and endurance of
thin SizN4 membrane windows could also be used in the devel-
opment of other advanced high pressure characterization tools
such as scanning transmission x-ray microscopy (STXM) and
transmission electron microscopy (TEM), which requires the
separation of the high-pressure liquid/gas under investigation
from the vacuum required for x-ray transportation and elec-
tron detection. This will provide unprecedented opportunities
in many scientific fields for in situ and in-operando research

Rev. Sci. Instrum. 89, 013114 (2018)
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FIG. 6. (a) The Ca L-edge x-ray
absorption spectra (TFY) of SM CaCl,
aqueous solution collected at different
pressure. All the spectra have been ver-
tically offset and normalized by setting
the pre-edge and the L, peak at a fixed
value. (b) The intensity ratio L3 and L,,
as a function of the applied pressure.
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of material properties and reactions under high pressure
by utilizing the advanced x-ray and electron characterization
techniques.
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