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Utilization of in situ/operando methods with broad beams and localized probes has accelerated our understand-
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ing of fluid-surface interactions in recent decades. The closed-cell microchips based on silicon nitride (SiNy) are
widely used as “nanoscale reactors” inside the high-vacuum electron microscopes. However, the field has been
stalled by the high background scattering from encapsulation (typically ~100 nanometers) that severely limits the
figures of merit for in situ performance. This adverse effect is particularly notorious for gas cell as the sealing mem-
branes dominate the overall scattering, thereby blurring any meaningful signals and limiting the resolution.
Herein, we show that by adopting the back-supporting strategy, encapsulating membrane can be reduced sub-
stantially, down to ~10 nanometers while maintaining structural resiliency. The systematic gas cell work demon-
strates advantages in figures of merit for hitherto the highest spatial resolution and spectral visibility. Furthermore,
this strategy can be broadly adopted into other types of microchips, thus having broader impact beyond the

in situ/operando fields.

INTRODUCTION

The technological solutions to global challenges, from clean energy
generation to environmental remediation, are rooted in the funda-
mental underpinnings of fluid-surface interactions. The need for
mapping spatiotemporal interactions at fluid surfaces is of great
value in both fundamental understanding and applied technologies
(1), as in gas-phase catalysis with nanoparticles (2-4) or atomic
clusters, for example. The ability to monitor and measure, in
real-space/time, the atomic-scale details of catalyst nanoparticles,
coupled to tracing the molecular signatures of input/reactant gases
and products, is the “Holy Grail” in the field. Such an ability to
spatiotemporally monitor atomic-scale structural and nanoscale
spectral changes promises to open new vistas for design catalysts
with improved performance and help establish often-elusive
structure-property paradigms.

In situ transmission electron microscopy (TEM) and scanning
TEM (STEM) experiments provide immense promise in the ability
to study materials at extremely high resolution under realistic
environmental conditions (5-9). Nonetheless, these devices have
traditionally been limited by the physical hardware needed for these
types of experiments. The environmental TEM (E-TEM) experiments
rely on two distinct hardware setups. One is the open-cell method,
with a dedicated environmental microscope, which creates a pres-
sure gradient within the microscope column using a differential
pumping system. The other, more popular and widely deployable,
approach is the closed-cell method, where the liquid/gas mediums
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are encapsulated in-between two membranes in the specimen rod.
To create an isolated nanoreactor, a low-stress SiN, is widely used as
the encapsulating membrane. Compared to several other encapsu-
lating materials, such as graphene (10, 11), silicon oxide (SiOy) (12),
and other transition metal dichalcogenides (13), SiN, has the
following advantages such as ease of manufacturing, reliable physi-
cal robustness at several tens of nanometers thickness, and reason-
able electron transparency.

For open-cell E-TEM, the spatial resolution is superior to the
closed-cell system, but this setup can only be used in a gaseous or
vapor condition with pressure as low as ~15 torr, which is far re-
moved from many real-life conditions and thus limits many applica-
tions. Meanwhile, the cost of a dedicated environmental microscope
is much higher than that of a holder, which can host the nanoreactor
with liquid/gas mediums encapsulated into a confined space. Therefore,
closed-cell E-TEM based on SiN, membranes is an ideal tool to ad-
dress fundamental phenomena and physicochemical processes as-
sociated with many industrial applications such as catalysis, gas
sensing, hydrogen storage, CO, capture, and storage, which involves
the charge transport and materials conversion occurring at the
solid-gas interface in realistic reaction conditions.

Although the in situ gas cell TEM provides great insights into the
materials discovery, in many cases, the adverse electron scattering
from the ~100-nm-thick encapsulation severely limits resolution
and quantitative analyses. Specifically, the atomic concentration and
the scattering cross section for commercial SiN, membranes (30- to
50-nm thickness for single chip) can be far greater than those of the
encapsulated atmospheric pressure gas and internal material of in-
terest (14). Thus, ill effects such as low-resolution/contrast images,
poor electron energy-loss spectrum (EELS) quality, and highly
blurred electron diffraction (ED) containing extensive diffuse scat-
tering from SiN, membranes can arise. Beyond the resolution limi-
tations that come from adverse scatterings from thick membranes,
there are similar considerations in other advanced techniques such
as EELS and emerging four-dimensional (4D)-STEM, especially for
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quantitative analysis (15, 16). It is widely accepted that reducing the
membranes thickness will be the most effective way to alleviate the
adverse scattering and improve figures of merit for microscopy.
However, hitherto, it has been extremely challenging to fabricate the
ultrathin (UT) membrane that has necessary structural robustness
and a large field of view coupled to practical considerations of repro-
ducibility and consistency with high yield of production.

Here, we demonstrate a hybrid encapsulation structure to
achieve substantially reduced membrane thickness for the fluidic
cell (gas cell, in the present case) TEM (Fig. 1A). By adopting a back-
supporting strategy achieved through heavy B doping, we fabricated
a hybrid honeycomb structure, with an array of UT SiN, membrane
window areas and robust backbone Si support. The SiN, thickness
for a single microchip can be reduced to ~10 nm, which is ~'/5 of the
commercially used microchips. In addition, these UT microchips
have not only superior mechanical integrity but also excellent elec-
tron dose stability, demonstrating robust, consistent, and reliable
performance.

Thanks to the notable reduction in adverse scattering from thick
membranes, the gas cell TEM work based on these UT membranes
reveals remarkable improvements in imaging contrast, spatial reso-
lution, and quality of energy dispersive x-ray spectroscopy (EDS)
measurements and spectral visibility in EELS. In addition, by using
UT microchips, hydrogen charge/discharge dynamics of palladium
(Pd) nanoparticles at ambient conditions are demonstrated and
studied through detailed quantitative analysis, demonstrating the
platform nature of this development and the broad implications
with the enhanced spatial resolution and hitherto inaccessible
spectral visibility for discriminating important gases (via their near-
edge fine structure).

RESULTS

Design and fabrication of the UT SiN, membrane

Despite the high transparency, a large, freestanding SiN, membrane
window with thicknesses <30 nm lacks physical robustness, which
limits experimental reproducibility and thus the mass production of
these microdevices. Within gas and liquid TEM experiments, the
SiN, membrane is the only barrier that separates the atmospheric
interior from the exterior ultrahigh vacuum (UHV) condition (1078
to 1077 torr). Therefore, the degeneration of mechanical integrity
due to stress and dissociation of matter resulting from electron ir-
radiation can lead to catastrophic failure. In experiments, as the
membrane is filled with gas or liquid, it can bulge, and the mem-
brane film can be deflected. The smaller Young’s modulus (17, 18),
which represents the rigidity of the membrane, can result in a larger
amount of deflection and higher tendency of membrane rupture.
The deflection of membrane is governed by the size, thickness, and
other intrinsic properties (i.e., residual stress and Poisson’s ratio) of
the encapsulation films. A larger window size and thinner window
thickness will lead to a larger membrane deflection (19). Therefore,
to maintain the physical integrity of the UT SiN, membrane, the
only possible approach is to reduce the membrane size in the planar
dimension (20), which means the loss of viewable electron transpar-
ent areas. This is especially problematic for the in situ/operando ex-
periments, as it is important to have as wide a field of view as
possible to increase the chance of observing the reaction.

To overcome this challenge, we designed the chip to enable
placement of multiple small windows over the rigid support. In such
a hybrid structure, the surrounding frame would alleviate the me-
chanical stress, while small and thin membranes could act as elec-
tron transparent windows. The calculated amount of membrane
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Fig. 1. Structural optimization of the UT SiN, membrane with a back-supporting structure. (A) Schematic illustration of conventional gas cell TEM and UT gas cell
TEM. (B) FEA of stress intensity at a 1-atm pressure gradient for the conventional unsupported SiN, membrane with a thickness of 50 nm (left) and a UT 10-nm SiN, mem-
brane with a 1-pm Si supporting structure (right). The window size is 200 pm by 200 pm. (C) Cross-sectional view of the membrane deflection for the unsupported 50-nm
SiNy chip (top) and 10-nm SiN, chip with a 1-um supporting structure (bottom) under various pressure ranges. The window size is 200 pm by 50 pm. (D) 2D simulation of
dopant boron near the surface of top wafer after diffusion and SiN, deposition. (E) Dopant profiles of boron and Si. (F) 2D map of dopant boron.
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deflection and stress at 1-atm pressure gradient for both conven-
tional and supported UT membrane is shown in Fig. 1 (B and C)
and fig. S1. Although the thickness of the SiN, membrane is reduced
to /5, the amount of deflection is not increasing but reducing from
13.4 to 10.4 pm in the presence of the back-side silicon (Si) support
(movie S1). According to the finite element analysis (FEA) shown in
Fig. 1B, the imposed maximum stress is 7.4 GPa for conventional
SiN, membrane with 50-nm thickness at 1-atm pressure gradient.
However, the maximum is reduced to 4.4 GPa (movie S2) for our
UT membranes with support structure.

Therefore, it can be concluded that the array of the small win-
dows, backed by the rigid Si support, is more resistant to the pres-
sure gradient. Furthermore, simulations based on the parameters of
typical liquid cell setup with different membrane structures are
compared (Fig. 1C and fig. S1, C and D). It is shown that the amount
of membrane deflection at 30 torr of pressure could be as low as
~200 nm for our UT membranes with ~10-nm thickness, which is
around ~'/5 of conventional cell with ~50-nm thickness and no sup-
porting structure. This implies that the overall thickness of the liquid
cell reactor based on this design (~400-nm bulge, 20-nm mem-
branes in total, 50-nm spacer) can be less than 500 nm at the vapor
pressure of static aqueous liquid, which means, theoretically, sub-
2-A resolution could be obtained (21).

However, generation of rigid backing supports for the thin mem-
brane is very challenging in terms of conventional fabrication pro-
cesses. To overcome the processing difficulties, we created the
support patterns by taking advantage of the etching rate difference
of Si depending on the dopant concentration (22). When the Si is
doped with high level of p-type dopants such as boron (B), aluminum
(Al), gallium (Ga), and indium (In), a new Fermi level is formed
between the valence level and the acceptor level. This makes the
space charge layer between Si and the etchant become narrower
such that surficial electron recombines easily with excessive holes at
the bulk. Therefore, the etching speed is slowed down as the
reaction-participating electrons deplete. To differentiate the etching
rate of Si, the dopant concentration must exceed 5 x 10'® atoms
ecm™>, which is a degenerative dopant concentration (0.01 in
atomic %).

Process simulations were conducted to verify the feasibility of
forming micrometer-thick high-doping region within the Si sub-
strate (Fig. 1D). The final simulated thickness of the degenerated
doping region is ~1.04 um, while the lateral dopant diffusion is neg-
ligible. The time-of-flight secondary ion mass spectroscopy (TOF-
SIMS) results on the device also agree well with the simulation with
dopant reaching to a depth up to ~1.24 pm, while ~0.92 pm depth
from surface is doped with degenerative dopant concentration
(Fig. 1E). The well-defined doping area acted as supporting frame,
and the hexagonal array of undoped membrane areas are visualized
in a 2D TOEF-SIMS elemental map (Fig. 1F).

The fabrication process of the Si support and UT SiNj film using
the dopant-dependent etch selectivity is illustrated in Fig. 2A and
fig. S2. With 10% (v/v) KOH solution at 60°C, the etch rate of intrin-
sic Si is as high as ~333 nm min~'. However, within ~230 nm of
depth below the top surface, the dopant concentration is very high
(~5.97 x 10" atoms cm ™), and, thus, the etching rate falls to ~17 nm
min~". Last, the dopant concentration is above ~10*" atoms cm™
near the surface, and the etching rate drops to less than ~1 nm
min~". The etching behavior of the Si is self-limited. Thus, Si within
the doped region can be retained as a supporting structure, and

Koo et al., Sci. Adv. 10, eadj6417 (2024) 17 January 2024

there is a large process window, making this processing physically
realizable.

Although the support structure can be further thickened with
higher temperature and high-energy ion implant with greater
dopant depth, the process conditions listed above are sufficient to
achieve a well-defined supporting structure, namely, an average
concentration of ~1.21 x 10'° atoms cm™ with 1.2-um diffusion
depth. The released SiN, membrane with backing support is then
etched from the top side using controlled reactive-ion etching (RIE)
with the final thickness confirmed by the ellipsometry measurement
(fig. S3). The roughness of the SiN, membrane is maintained with
Rg (root mean square roughness) <0.5 nm after etching, which is
similar to that of the pristine SiN,, (R; = 0.63) (see text SI). Figure 2B
shows the variations of optical properties depending on the thick-
ness of remaining SiN, membrane. The initial ~50-nm SiN, mem-
brane shows red brown to medium brown color with metallic
reflection. As the thickness is further reduced to ~5 nm, the tint of
the membranes becomes pale and resembles bare Si substrate. Figure 2C
shows the final morphology of the hybrid structure including the
hexagonal-shaped electron transparent SiN, window with a thick-
ness of ~10 nm and heavily doped Si support. The membrane is too
transparent to reflect visible light and thus shows the black hole-like
contrast in optical image.

Mechanical robustness, resilience, and in situ

performance improvement

For the reproducible and practical application of the UT microchip,
the structural robustness toward the mechanical and electron beam
stresses are prerequisites. The mechanical robustness of the UT SiN,
membranes is evaluated with a nano-indentation (fig. S4). The mea-
sured fracture toughness of the UT windowed areas is ~13.55 GPa,
which is ~3 times of the simulated maximum stress at the 1-atm
pressure gradient as shown in Fig. 1B. In addition, by filling the
sealed membrane with Ar gas at different pressures, the threshold
pressure before the membrane breaks down is measured as high as
~5.3 atm for a 10-nm SiN, membrane (Fig. 2D and movie S3). The
devices with a 5-nm thickness start to break at ~1.3 atm, which is
still sufficient for the gaseous experiment ranging from UHV to
atmospheric pressure.

The dose threshold required to break the membranes with different
SiN, thickness is evaluated using a stationary electron beam (Fig. 2E
and fig. S5) in STEM mode. With a relatively high probe current of
~2739 e~ ps~, the average threshold dose is determined to be ~10"°
to 10" e~ A for 10- to 50-nm thickness. For routine atomic resolu-
tion STEM imaging and spectrum analysis with a probe current of
~374 ¢~ ps~', the 10-nm membrane can withstand ~6 min under a
stationary electron probe (>10''e” A %) and last indefinitely for a
scanning electron probe with a 3-ps dwelling time.

To evaluate the image and signal quality during in situ/operando
experimental observations, electron scattering behavior of SiN
membranes must also be considered. The expected signal-to-noise
ratio (SNR) can be quantified for a device of a given thickness (¢)
by calculating the mean free path (A;) (23). The SiN, has a mea-
sured A; of ~108.9 nm based on ellipsometry experiments (Fig. 2F
and fig. S6). Figure 3A shows analytical calculation of SNR by con-
sidering both elastic and inelastic scattering for the total average
cross section (9, 19, 24). With a pair of conventional 50-nm SiN,
microchips, the SNR of 10-nm gold and 100-nm carbonaceous
materials is less than ~3 and ~5, respectively, at an electron dose of
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Fig. 2. Fabrication and physical characterizations of the UT SiN, membrane with a back-supporting structure. (A) Fabrication process of the UT SiN, membranes.
(B) Digital photograph of fabricated membrane chips with thickness ranging from 50 to 5 nm. Scale bar, 10 mm. (C) Optical micrograph (top) and the bright-field TEM
image of the UT microchip with honeycomb patterns. The electron transparent area and neighboring Si supporting structure are indicated. Scale bar, 100 pm. (D) Pressure
resistance of the SiNy membrane with different thickness. The dashed line indicates the averaged pressure tolerance, and the orange-colored box indicates the general
operation pressure. (E) Breakdown electron dose of SiNy membrane under a focused illumination in STEM mode. (F) Correlation of membrane thickness and inelastic
mean free path (IMFP: t/);) of SiN, membrane measured with TEM-EELS. The black dots indicate the t/A; of single membrane, and blue dots indicate the t/A; of assembled

closed cells with 760 torr Ar gas.

1000 e~ A~ This means that the materials of interest are barely
detectable. However, with a pair of 10-nm membranes, an SNR of
at least ~3 (Rose criterion) is achievable at ~500 e~ A~ for both
materials. Figure 3B shows high-resolution TEM (HRTEM) images
of 10-nm-thick evaporated Au within the 1-atm Ar-filled gas cell
(fig. $7) imaged with an electron dose of ~502 e~ A™2. In addition,
fig. S8 shows HRTEM images based on a single membrane with
the same electron dose. The Weber contrast [(I; — I)/I,] of the
image (25) is improved from —0.286 to —0.364 for a single mem-
brane and from —0.165 to —0.281 for a closed gas cell with 1-atm
Ar (Fig. 3C). Because of the suppression of background noise, the
accessible information limit is greatly improved from ~2.36 to
~1.02 A based on results from the single face-centered cubic
(FCC) gold nanocrystals and ~1.47 to ~1.02 A from multiple par-
ticles (see text SII).

Along with access to high-quality crystallographic information,
elemental analysis and electronic structure sensitive valence state
analysis of materials can also be acquired with high quality ina UT
gas cell TEM experiment. Figure 3D shows the EDS acquired with a
760-torr Ar-filled gas cell having a pair of SiN, membrane with dif-
ferent thicknesses. The Ar/Si peak ratio is ~0.59 and ~1.00% for the

Koo et al., Sci. Adv. 10, eadj6417 (2024) 17 January 2024

50- and 30-nm cell, respectively. For the 10-nm gas cell, the ratio is
substantially improved to ~8.28%, which is more than 14 times
improvement over the conventional setup. While EDS offers rapid
and intuitive elemental information, EELS can further provide
detailed characteristics such as chemical bonding, band structure,
and the valence states of materials. For example, EDS cannot be
used to distinguish carbon dioxide (CO,) and carbon monoxide
(CO). The different bonding characteristics of two gases are how-
ever reflected in both the C-K absorption edge (284 eV) and the O-
K absorption edge (532 eV) in the EELS experiment (26) (Fig. 3, E
to G). When the UT gas cell is filled with 760-, 380-, and 100-torr
gases, we find that CO, shows a strong pre-edge “peak” at ~289.6 eV,
while CO has a dominant feature at ~285.6 eV, and the CH, gas has
a dominant peak at ~287.0 eV. In addition, by adopting the UT SiN,
cell, the background intensity is substantially reduced to ~%, which
makes the peak-to-background (P/B) ratio being improved as high
as ~5 times for the C-K edge. The signature edge of each gas species
is always noticeable from ~100-torr pressure in the UT gas cell.
However, because of the substantial background increase from multiple
scattering, the signature peak of gas can only be visible with gas
pressure larger than ~380 torr for 30- and 50-nm cells.
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Fig. 3. Improvement on the image and spectroscopic signal quality. (A) Theoretical SNR of 10-nm Au and 100-nm carbonaceous material in closed membranes with
760-torr Ar gas. Values across the x axis indicate the thickness of a single membrane. The orange dashed line indicates Rose criterion (SNR, 5), and the box indicates the
SNR region ranging from 3 to 5. (B) HRTEM image and associated fast Fourier transformed patterns of evaporated Au nanoparticles (~10 nm) within a 760-torr Ar gas cell
composed of 10-nm (left) and 50-nm (right) SiN, membranes. The electron dose per image is ~502.0 e"A~2 scale bar, 5 nm. (C) Intensity comparison between the Au
nanoparticles and the background under different conditions. (D) EDS of 760-torr Ar gas—filled cell. The Ar/Si peak intensity ratio for 10, 30, and 50 nm cells is ~8.28, ~1.00,
~0.59%, respectively. All the EDS are normalized by using the Si-K, (1.74 keV) peak. (E to G) C-K edge (284 eV) of CO,, CO, and CH,4 gas molecule at different membrane
thicknesses. The P/B ratio is calculated by dividing peak area to the baseline area. Exposure per spectra is 0.2 s, and 500 frames are integrated. The used electron dose rate

here is ~84.77 e~ A=2s™'. A.U,, arbitrary units.

Evolution of gas-solid interactions via real-time ED

Beyond superior performance on imaging and chemical analysis,
utilization of UT membrane-based microchips also remarkably
enhances the retrievable information in reciprocal space. One
prototypical example for breakthrough application is to investigate
charge/discharge mechanisms in hydrogen storage systems. With
the highest energy per mass of any fuel, hydrogen storage is one of
the main keys for enabling the technological advancement in
stationary power, portable power, and transportation (27, 28). In
this context, the ability to directly monitor the dynamic response of
material behavior under real conditions is essential for researchers
to gain a deep understanding of the underlying charge/discharge
mechanisms. The closed-cell in situ/operando technique with
our UT microchips is ideal to investigate the hydrogen charge/

Koo et al., Sci. Adv. 10, eadj6417 (2024) 17 January 2024

discharge dynamics under ambient conditions (room tempera-
ture and 760-torr pressure).

Figure 4A shows the selected area ED (SAED) pattern of ~20-nm
Pd nanocubes (fig. S9) dispersed on different supporting mem-
branes. As a control, SAED patterns were acquired from nanocubes
dispersed on lacey carbon under conventional high-vacuum condi-
tions. Here, the diffraction rings match the expected FCC Pd, and
several peaks with planar distances ranging from ~2.26 to ~0.75 A
can be resolved. When the same nanoparticles are instead placed on
a conventional SiN, cells with a thickness of ~50 nm, the additional
scattering from the membrane increases the noise floor and hides
most of the diffraction peaks other than (200) and (220) reflection.
By contrast adjustment, the pattern exposes the low-frequency dif-
fraction ring from (220) to (420), and high-frequency signals [i.e.,
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Fig. 4. In situ diffraction of palladium hydride (PdH,) formation within a UT SiN, gas cell. (A) SAED of 20-nm FCC Pd nanocubes with different supports. (B) Rota-
tional average of electron diffraction data in (A). (C) Shift of (200) and (220) diffraction peak at different H, pressures at the first and second charge cycle. The blue asterisk
indicates the Pd peak position, the green asterisk indicates the -PdH,, while the gray asterisk at (220) indicates the a-PdH,. (D) Time evolution of the rotational average of
electron diffraction as the H; pressure changes. Corresponding real-time movies for the data here are movies S3 and S4. (E) Low-loss EELS of palladium at vacuum, $-PdH,,
and the background of the gas cell. Rectangular ROIs for each EELS profile from background and -PdH, are labeled in the inset high angle annular dark field (HAADF)

image. The scale bar of the inset HAADF image is 10 nm.

(711) and (620)] are nearly invisible. In contrast, experimental data
with the UT membrane cell show a notable reduction in background
scattering, allowing for observation of rings from ~2.26- to ~0.88-A
spacing without any adjustment (Fig. 4B). By applying the same
contrast adjustment, some high-frequency signal up to (711) is
practically visible, and (911) is also marginally visible (see text SIII).
In situ/operando investigations of these materials at ambient condi-
tions were previously impossible with either x-ray diffraction (XRD)
(29) or the E-TEM (30, 31). However, now, both high spatial resolu-
tion and faster dynamics could be possible with a UT membrane
microchip experiment.

When Pd is exposed to H; gas, at the initial stage, molecular H,
dissociates to H atoms. The H atoms infuse into the interstitial site
of Pd lattice and form the p-PdH, (0.017 < x < 0.65) hydride (32),

Koo et al., Sci. Adv. 10, eadj6417 (2024) 17 January 2024

resulting in the expansion of lattice parameter. When the UT micro-
chip is filled with more than 100-torr pressure, the lattice parame-
ters of the Pd crystal is expanded by ~4% with expected composition
of PdH ¢, based on Vegard’s law (Fig. 4C) (33). The composition of
the hydrogen inside PdH 6, also does not further change within the
experimental pressure range (100 to 760 torr) at room temperature.
In the initial cycle, 100% of the Pd nanocubes participate in the
hydrogenation and dehydrogenation process. However, in the
following charge/discharge cycles, we have noticed that a substantial
amount (~75%) of the nanocubes become inert to the hydrogen
environment and only a portion (~25%) undergoes the phase transition
to B-PdH,, which supports the assertion that nanoparticles with
different sizes and morphological features likely display different
hydrogen storage behaviors (31).
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In addition, it is found that during the second hydrogenation
cycles, the lattice expansion coeflicient is the same as the initial cycle
(~4%), and an intermittent phase equivalent to ~a-PdHg; is ob-
served at 10-torr pressure (marked as gray asterisk) and disappears
at higher pressure. Moreover, at the charging cycle, the transition
between the Pd to B-PdH, occurs within ~0.3 s when the gas cell is
filled with 1-atm H, (movie S4). Discharging of hydrogen, on the
other hand, is slower than the charging cycle, but ~75% of f-PdH,
can be reduced to the Pd within ~10 s upon the pumping (movie S5
and Fig. 4D).

In comparison, filling the Ar gas from the vacuum does not shift
the ED peak positions, indicating that the previous change of lattice
parameter is indeed from the hydrogen infusion and not from other
factors (movie S6). On the basis of the in situ observations, the cal-
culated diffusion rate of hydrogen (D= Ax*/2t)is~1.7x 10" 2 cm*s™"
at 1 atm for the Pd (100) crystal plane, which is comparable to the
observation from other in situ measurement reported [XRD (29)
and E-TEM (30, 31)]. However, the calculated diffusion rate based
on this conversion time is substantially lower than that of the bulk
observation (34, 35) and molecular dynamics calculations (ranging
from ~3.7 X 10 ° to ~1.2 X 1077 cm? s7}) (36). Considering the hy-
drogen molecule dissociation time and that the diffusion rate should
remain constant throughout the system, we can conclude that the
actual diffusion time within nanoparticle is likely only around
3 x 107 s, and most of the ~0.3-s reaction duration is for the ad-
sorption and dissociation of hydrogen, which indicates that the
breakdown of the hydrogen molecules to the hydrogen atom is the
rate-limiting step at room temperature. Figure 4E is the low loss
EELS from the H,-filled gas cell. The pristine Pd nanocube shows a
representative volume plasmon at ~8 eV in the vacuum. However,
when the Pd is exposed to 1-atm H,, another plasmonic excitation
appears at ~5.8 eV, which was previously reported as a volume plas-
mon of B-PdH, (31). We can also locate the sharp energy loss edge
at ~13.1 eV areas across the entire area, which represents the core
loss edge of H-K. This observation further supports the formation of
B-PdH, hydride. This in situ demonstration of ED and spectroscop-
ic analysis of Pd charge/discharge mechanism for hydrogen under-
scores the transformative enhancement in the performance of our
UT SiN, gas cell.

It is readily possible to combine complementary signal detection
of EDS and EELS with a potential reaction gas analyzer, which can
detect outgoing gas from the whole reaction chamber. With the
notable improvement in spatial resolution and spectral visibility, the
complete acquisition of mass-based large-molecule analysis, elec-
tronic structure and atomic bonding, localization and identity of
gaseous species, and zero-delay temporal analysis within both flow
and stagnant gas experimental setups are all possible by adopting
the UT microchips. We believe that our innovation would open
new vistas and provide readily accessible (and widely deployable) set-
ups for mechanistic understanding and insights down to molecular-
scale spatial and spectral resolution during fluid-surface interactions.

DISCUSSION

In fluid-surface interactions such as gas-phase catalysis with
in situ/operando methods, the major limitation has been the need
for thick SiN, membranes as encapsulated fluidic chips. Herein, we
report consistent, reproducible, and scalable fabrication, implemen-
tation, and demonstration of a large-area nanoscale reactor based

Koo et al., Sci. Adv. 10, eadj6417 (2024) 17 January 2024

on UT (~<10 nm) SiN, low-stress membranes. Unlike typical and
commercially available thick window chips (with ~80- to 100-nm
total thickness of SiN, membrane), our UT window reactors allow
for substantially enhanced figures of merit (approaching primary
microscope specifications) in imaging resolution, diffraction, and
spectral visibility and fidelity.

By adopting these UT microchips into nanoreactor devices, we
demonstrate the practical advantages and enhanced in situ/operando
performance in uncovering gas-nanoparticle interactions. We show
in situ sub-microsecond dynamics in microstructural evolution of
B-PdH, formation at ambient conditions by using in situ/operando
ED and EELS. The reduced volume plasmon from encapsulation
membranes opens opportunities to monitor important gases
through energy loss near-edge structure and low-energy excita-
tions with notable visibility. Collectively, we believe that this is a
transformative and “platform” development that would usher a
new and expansive era of high spatial- and spectral-resolution
measurements in a wide variety of fluid-surface phenomena and
readily accessible to researchers to innovate further. In addition,
this novel strategy for designing microchips with UT membranes
can also be extended to many other places where SiN, is used as
encapsulations and/or support materials, with impact beyond the
in situ/operando fields.

MATERIALS AND METHODS

Simulation of membrane deflection and

dopant concentration

To assess the membrane deflection for microchips with different
supporting structures, FEA was conducted with Ansys 2022R1 me-
chanical software. To simulate the internal stress after film deposi-
tion, SiN, and the Si wafer were assumed to have zero stress at the
initial deposition temperature (835°C). When the patterned struc-
ture cooled down to room temperature at furnace, the final
freestanding SiN, membrane has a residual tensile stress of
171.8 + 107.4 MPa. The membrane model was then applied with
pressure from the top side of the chip, while large deflection mode
was enabled. The z-directional displacement of node and stress
intensity were then plotted to show the deflection and mem-
brane stress.

The doping profiles were simulated using the Silvaco Technology
Computer Aided Design software. The mesh grid setting is 50 nm X
50 nm near the doping boundaries. The background dopant concen-
tration of Si substrate is 10'® atoms cm™ (n-type). For dopant diffu-
sion, Fick’s Second Law was applied to the experimental parameters
including the intrinsic properties of the Si (100) plane, diffusion
coefficient of boron, and the solid-solubility limit of B in Si. Boron
atoms from a solid source were first diffused into the original Si wa-
fer creating an original dopant concentration of 10'® atoms cm™
after heating at 1000°C for 3 hours. After doping, the wafer was then
heated and kept at 835°C for 16 min, which was the deposition con-
ditions for SiN,, film with 50-nm thickness to subsume the extra dif-
fusion caused by the elevated temperature during SiN,.

Fabrication of UT SiN, chips

Prime grade B-doped 4-inch double side polished (DSP) wafers
(resistivity: 1 to 20 ohm-cm) with a thickness of 300 pm were purchased
from University Wafer (Boston, MA). The actual resistivity of the
used wafer was 1.59 ohm-cm based on Hall effect measurement. The
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wafers were first cleaned with freshly prepared piranha solution
(three parts of concentrated H,SO, and one part of 30% H,0,) to
remove any absorbed particles and organic contaminants. By further
cleaning with 49% hydrofluoric acid (HF), the native oxide layer
formed in the previous step was removed. To create localized high-
doping areas with lower etch rate, a SiO, dopant mask was first cre-
ated. Wet silicon oxide with a thickness of 400 nm was deposited by
using the Tystar Tytan furnace. Then, the AZ 4620-positive photore-
sist was coated on the oxide wafer. The mask pattern was created us-
ing Heidelberg MLA150 maskless aligner and further developed
with AZ 400 K. The exposed oxide pattern was then removed with
HF bath. With the abovementioned cleaning process, photoresist
was removed. Subsequently, the clean pattern—created wafer was
doped using BN-1250 planar solid boron source from Saint-Gobain
Ceramics (Paris, France) for 3 hours at 1000°C. During the doping
process, B atoms diffused into both exposed Si and masking SiO,
areas, but the SiO,, area was later removed with 49% (w/w) HF before
depositing the SiN, membrane. A total of 50 nm of low-stress SiN,
was then deposited by using the chemical vapor deposition method
with dichlorosilane (SiH,Cl,) and ammonia (NHj3) gaseous precur-
sor at 835°C. The SiN, at the opposite undoped surface was partially
opened with a Samco RIE-10NR (Tokyo, Japan) ion coupled plasma-
reactive ion etch (ICP-RIE) device to initiate the etching of undoped
silicon. The wafer was then dipped to 10% (w/w) potassium hydrox-
ide (KOH) solution at 60°C for wet etch. To maintain the concentra-
tion of KOH solution, a small amount of isopropyl alcohol was added
above the meniscus. The wafer was then retrieved and diced into the
desired dimension. Last, the thickness (ranging from ~50 to ~5 nm)
of the suspended SiN, membrane was achieved by varying the ICP-
RIE etching time. The membrane thickness was determined by the
ellipsometry measurement.

Physical assessments of the UT chips

The non-interlaced mode of an M6 TOF SIMS (ION-TOF GmbH,
Muenster, Germany) was used to conduct SIMS depth profiling
analysis. Sputtering was carried out on a 300 by 300 pm” square area
using 2-keV oxygen ions, which were directed at a 45° angle to the
surface normal of the sample. For the analysis, pulsed 30-keV Bi
ions were used and rastered over a 65 by 65 pm?” square area at a 45°
angle to the surface normal. The analyzer was positioned normally
to the sample surface, and the analysis area was situated in the cen-
ter of the sputtered area. The depth of the crater was measured using
a stylus profilometer (Bruker Dektak 150) and calibrated accord-
ingly. The SIMS intensity of the boron was calibrated by using the
averaged carrier concentration obtained from the Hall effect mea-
surement. The conductivity and the carrier concentration of the
uniformly doped boron chip was measured with the Van der Pauw
method using Lake Shore Cryotronics HMS 8404 (Westerville,
OH). The thickness of the SiN, membrane was measured with a
variable-angle spectroscopic ellipsometry using J.A. Woollam
M2000U and alpha-SE Ellipsometer (Lincoln, NE).

The nanomechanical testing was performed on the Bruker TI 950
TriboIndenter equipped with a three-side pyramid diamond indent-
er tip (Berkovich). The indentations were conducted under the load-
controlled mode consisting of three segments (loading, holding for
2s and unloading in 5s). A typical loading-displacement curve was
acquired from multiple areas of membranes with different thickness.
The maximum load Py,,y, maximum depth Ap,y, final depth after un-
loading h,, and the slope of the upper portion of the unloading curve

Koo et al., Sci. Adv. 10, eadj6417 (2024) 17 January 2024

S were monitored in a full loading-unloading cycle. The material
properties, such as reduced elastic modulus and hardness, could be
extracted by analyzing the data with the method developed by Pharr
and Oliver (37). Pressure stability of the closed cell was tested with a
homemade apparatus, which is described elsewhere (10). The real-
time movie and the applied pressure were recorded individually and
synchronized afterward. The pressures at the moment of the break-
ing were surveyed. Electron beam stability of the SiN cell was tested
by focusing electron probe with different intensities onto the mem-
brane directly until it reached the breaking point.

Gas cell TEM

For the model system, the 20-nm Pd nanocubes were used for our
gas cell experiments. The synthesis methods for these nanoparticles
were described in detail in previous reports (38). Gas environmental
cell TEM was conducted using Protochips Atmosphere 210 System
(Morrisville, NC). The system consists of a gas-supplying manifold
system and a specimen rod, which holds two windowed microchips
for encapsulation. The gas supply system can supply experimental
gas up to 1 atm of pressure, either in static or flow configuration. The
pressure of the gas cell is probed with two in-line gauges at the inlet
and outlet side of holder. There is a negligible amount of flow resis-
tance along the flow path and pressure value probed at two points
were synchronized immediately upon the gas flow. Therefore, the
internal pressure of the gas cell is considered to be the same as the
probing points. The pressure value indicated in Figs. 3 (B and D to
G) and 4 (C to E) is the set pressure value, which differs less than
~2% from the actual value for clear visualization and comparison
between the experiments (see text SIV). The fabricated UT SiN,
chips were cleaned with oxygen plasma and placed into the speci-
men rod, with the membrane sides facing each other. The suspen-
sion of Pd nanocube was drop-casted on the top membrane chip
and dried. Between the stacked chips, a chemically inert fluoroelas-
tomer gasket was placed to seal the internal environment from out-
side. The assembled gas cell within the specimen rod was then
inserted to the microscope and the internal loop was purged with
ultrahigh-purity Ar gas. The desired gas was then flown into the en-
vironmental cell and purged at least three cycles between each
experiment.

All S/TEM and EELS characterizations were conducted on JEOL
ARM 200CF TEM (Japan), which was operated at 200 keV. This mi-
croscope was equipped with a probe corrector, a Gatan OneView
camera, and a Quantum EEL spectrometer. The spectrometer was
updated with a K2 Summit direct electron detector. The low loss
data were collected using the USC 1000 GIF camera, and the core
loss data were collected using the K2 direct detector. The used GIF
entrance aperture and energy dispersion were 2.5 mm and 0.1 eV
per channel, respectively. The collection angle for spectrum
mapping was from 0 to 70 mrad.

Supplementary Materials
This PDF file includes:

Figs.S1to S15

Texts S1to S4

Table S1

Legends for movies S1 to S6

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S6
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