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Optimizing Microfluidic Flow Cell Geometry for In-Situ Resonant 
Soft X-ray Characterization of Molecular Nanostructures 
Devin Grabner,a Terry McAfee a,b , Cheng Wangb, Matthew A. Marcusb, and Brian A. Collins*a

Liquid-phase resonant soft X-ray scattering (LP-RSoXS) is an emerging label-free technique to probe chemically resolved nanostructures of molecular or 
hybrid materials in liquid environments. Still, quantitative analysis is hindered by the pressure-induced deformation of thin silicon nitride (SiN) 
membranes used as windows in microfluidic flow cells, which attenuates the signal in nonlinear ways, making experimental optimization difficult. 
Here, we directly characterize this deformation under experimental conditions for a variety of cell configurations. We use this to develop a predictive 
model that combines transmission effects of SiN bowing, incident X-ray beam profiles, and material-dependent resonant scattering cross sections to 
simulate the effective scattering intensity at the detector across the carbon K-edge. Maps of the total signal across the flow cell window reveal that 
increasing the window width and polymer concentration shifts the anisotropic intensity distributions from the center toward the edges of the window. It 
was determined that an optimal SiN thickness of 50 nm, with a window aperture of 104 µm, maximizes the total signal for typical solute concentrations and 
energies across the carbon K-edge. Our results overturn the assumption that corner regions dominate the scattering signal, offering explicit design 
guidelines for maximizing LP-RSoXS signals and significantly advancing the quantitative application of this technique to the characterization of molecular 
and hybrid nanostructured materials in liquids.

Introduction 
Liquid in-situ resonant soft X-ray scattering (LP-RSoXS) is 

particularly valuable for probing molecular-scale structures in 
liquids due to its ability to distinguish molecular components 
using chemical contrast without the need for labels.1–6 This 
capability has enabled significant advances in characterizing 
nanostructured and polymeric materials, including micellar 
systems and organic nanocarriers in aqueous solutions.7–14 In 
contrast to conventional methods such as electron microscopy 
or neutron scattering, which require disruptive labeling, LP-
RSoXS allows label-free material characterization.15–22 However, 
extending LP-RSoXS to quantitative analysis remains 
challenging due to the low penetration depth of soft X-rays and 
sensitivity to scattering geometry.23  

Conventional small-angle X-ray scattering (SAXS) has 
historically relied on capillary tubes and static hydrated pocket 
cells for studying nanoparticles in liquid environments. Capillary 
tubes, typically made of quartz or glass, offer chemical 

resistance and optical transparency but present significant 
limitations, including opacity to soft X-rays, fixed sample 
environments, restricted fluid control, and susceptibility to 
beam damage due to static liquid conditions. Similarly, static 
hydrated pocket cells allow for smaller sample volumes but are 
prone to sealing failures, background noise, and limited 
environmental adjustments,10,14 restricting their use in dynamic 
experiments.24 

Researchers have adapted microfluidic flow cells initially 
developed for in-situ transmission electron microscopy (TEM) 
to LP-RSoXS experiments to overcome these constraints.8 These 
devices provide precise control of fluid flow, temperature, and 
chemical gradients, enabling dynamic manipulation during 
measurements. Their unique ability to support in-situ 
characterization of structural transformations and chemical 
processes in real-time has made them essential for nanoparticle 
studies.25 The predictable flow profiles and tunable reaction 
conditions offered by microfluidic platforms also facilitate high-
resolution LP-RSoXS measurements of structural dynamics, 
advancing nanoscale material characterization.26–28 

One critical barrier to quantitative LP-RSoXS analysis is the 
ability to properly account for the effects of the mechanical 
deformation, or “bowing,” of the thin silicon nitride (SiN) 
membranes used as X-ray transparent windows in microfluidic 
flow cells.29 This bowing arises from differential pressure 
between the liquid-filled sample chamber and the surrounding 
environment, altering the optical path length and complicating 
the interpretation of scattering data.30 Mechanical properties of 
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SiN, including Young’s modulus, Poisson’s ratio, and membrane 
thickness, strongly influence the bowing behavior. Moreover, 
window bowing affects beam attenuation, making absolute 
scattering intensity measurements difficult, which are essential 
for quantitative analysis.31 

Previous studies modeled window bowing in TEM 
experiments, but often oversimplified pressure dynamics and 
assumed parabolic deformation profiles.32 Additionally, fluid-
induced pressure variations caused by flow rate and 
microfluidic channel dimensions were not systematically 
considered. These limitations have restricted the applicability of 
previous models to dynamic experimental conditions. 

To address these challenges, we directly characterized 
membrane deformation under experimental conditions and 
varying cell geometries to develop a predictive model that 
accounts for both mechanical and fluidic parameters, enabling 
accurate simulations of SiN window bowing and ultimately 
optimizing resonant scattering signals through flow cell design. 
Our approach integrates pressure-dependent mechanical 
deformation, incident X-ray beam profile, Beer’s Law 
attenuation, and resonant scattering cross sections. By 
incorporating these factors, we predict the effective scattering 
intensity at the detector as a function of window dimensions, 
cell pressure, and X-ray resonant energies of polyethylene oxide 
(PEO), which can easily be extended to any material and 
concentration. Our findings challenge the conventional 
assumption that scattering predominantly arises from window 
corners, highlighting a more complex interplay of mechanical 
deformation and beam-sample interaction. This integrated 
modeling framework advances the quantitative application of 
LP-RSoXS, enabling precise and reproducible structural and 
chemical characterization of soft and hybrid nanostructured 
materials in liquid environments.  

Results and Discussion 
Figure 1 depicts microfluidic flow cells (available 

commercially) assembled from a sandwich of two Si chips with 
SiN films grown on one side. The Si is etched away in a slit 
pattern such that only the SiN films form the barrier between 
the liquid sample and high vacuum of electron microscope and 
X-ray instruments, allowing electrons or soft X-rays to penetrate 
through the cell where the slits overlap in a square aperture as 
shown. Spacers deposited on the corners of the SiN-side of the 
chips define the general thickness of the liquid channel, typically 
≥0.5 μm. However, the pressure differential across the exposed 
SiN membrane causes the mechanical deformation depicted 
schematically (not to scale) in Figure 1. This window ‘bowing’ 
causes the liquid sample to bulge in the center of the aperture, 
resulting in the central region being opaque to electrons in 
electron microscopes. The extent of this bowing depends on the 
internal pressure, window size, and membrane thickness. In 
scattering, this bowing causes both an increased signal (due to 
more sample) and decreases signal (due to lower transmission).

The bowing of custom-etched SiN membranes of various 
thicknesses and window sizes was characterized in a scanning 
transmission X-ray microscope (STXM) under experimental flow 
conditions.  Flow of pure deionized water allowed simple Beer’s 
Law characterization of the total liquid thickness translating 
directly into bowing of each membrane.  The 30 nm resolution 
of the STXM enabled experimental high-resolution maps of 
bowing in the aperture, one of which is depicted in Figure 2a. 
All maps were similar in that the apertured cell thickness is 
minimum at the corners with increased thickness along the 
edges due to the crossed slit geometry of the two chips that 

Figure 1 - Illustration of the location of the Silicon Nitride (SiN) membrane window 
(thickness 20-200 nm) in the larger Silicon chip (thickness ~675 μm) and the relative 
orientation of the top and bottom chip windows. The depicted bowing (not to scale) of 
the membranes is an example of the shape SiN takes during an experiment. The grey 
region of the top right chip is partially etched to allow for increased scattering angle but 
does not influence the effects depicted in this study. The “spacers” control the thickness 
(0.5-1.0 μm) of the sheet of liquid that flows between the two chips and represent the 
narrowest part of the flow cell.

Figure 2 - Analysis of the square aperture created by overlapping two SiN windows to create 
a flow cell. a) Experimental thickness map of the interior-to-interior distance between SiN 
windows with 0.5 μm spacers and water flowing between as measured under experimental 
water flow conditions. b) Deformation fits results using Kirchhoff-Loves Plate Theory as 
described in the main text c) Spatial maps of the percent difference between experimental 
and modeled deformation. d) Modeled deformation at the center of all window sizes 
measured for both 50 nm (Green) and 100 nm (Black) SiN membrane thicknesses as a 
function of experimentally determined aperture size. The data is fitted with a quadratic 
function including a data point at the origin.
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form the cell.  By far the maximum thickness/bowing occurs at 
the center of the aperture, where, in the example shown, the 
cell thickness becomes approximately 10 μm. Given the 0.5 μm 
spacers used in this study, the bowing here is 20x the 
undeformed thickness of the fluid sheet between the chips. 

Because the thickness of the SiN windows have a thickness-
to-width ratio of less than 0.1, Kirchhoff-Love Plate Theory 
(KLPT) was used to describe the overall shape of the bowing.33 
Under our assumption that the pressure in the cell induces a 
uniform load, KLPT takes the form of the following differential 
equation. 

𝛻ଶ𝛻ଶ𝜔(𝑥, 𝑦) = 𝑃
12(1 − 𝜈ଶ)

𝐻ଷ𝑌
(1) 

where 𝜔 is the position-dependent distance of deflection of the 
plate (window) in the z-direction, 𝑃 is the uniform applied load 
(pressure), 𝐻 is the thickness of the window, 𝑌 is Young’s 
modulus, and 𝜈 is the Poisson’s ratio. We use  Navier’s solution 
to Equation 1 for a simply supported rectangular plate with a 
uniformly distributed load 33 as shown in Equation S1. This 
solution was applied to both the top and bottom SiN 
membranes separated by a spacer of thickness 𝑑 with the total 
thickness of the liquid layer at any given point calculated as 

ℬ(𝑥, 𝑦) = 𝜔ଵ(𝑥, 𝑦) + 𝜔ଶ(𝑥, 𝑦) + 𝑑 (2) 

where 𝜔ଵ and 𝜔ଶ represent bowing of the two crossed windows 
in opposite directions, as seen in Figure 1. Their individual forms 
can be found in Equation S2.  Figure 2b shows the resulting 
model, ℬ(𝑥, 𝑦), used to fit the raw data in Figure 2a.  There is a 
total of four fit parameters that are part of calculating Equation 
2: Uniform pressure, 𝑃, two window dimensions 𝑎 and 𝑏, and 
spacer thickness, 𝑑. The percent difference between the 
experimental data and the model in Figure 2c shows excellent 
agreement except directly at the corners, where the model 
predicts the sample thickness to be up to 25% thinner than 
measured. This is due to the model not accounting well for the 
deformation effects as the SiN window comes into contact with 
the silicon wafer.  We measured multiple window sizes and SiN 
thicknesses, applying the same analysis to each as shown in 
Figure S1.  Our use of KLPT is important, since previously 
published window deformation models using crossed parabolas 
are insufficient to forward model the scattering and attenuation 
effects in the critical region away from the direct center of the 
window.30,34 Figure S2 shows the same percent difference maps 
as Figure S1, using crossed parabolas instead of KLPT for 
comparison, highlighting the benefits of using KLPT.  

The deformation at the center of each window is shown in 
Figure 2d, where the green and black data correspond to 50 nm 
and 100 nm SiN membrane thicknesses. Quadratic fits to these 
thicknesses (lines) fall within an average of 2% of each datapoint 
and were used to calculate the center thickness of any other 
window sizes, under the same experimental conditions. Fit 
coefficients are in Table S1. Both the measurements and 
predicted trends show that the total window bowing is 

approximately 10% of the window width for both membrane 
thicknesses measured, which is more than an order of 
magnitude larger than the original spacer-defined gap from 
which new fluid emerges from the microfluidic lines. Though 
the difference between deformation at the center of the two 
membrane thicknesses follows a constant ratio of 0.78, our 
measurement of only two thicknesses precludes the need to 
model any others because the decrease in bowing from the 100 
nm thick membrane is not substantial enough to overcome the 
decrease in transmission (~2x), Figure S3. Due to the 
transmission loss, we find that the 50 nm thick membrane is the 
better of the two options. 

A quantitatively accurate window bowing model is key in 
predicting the calculated intensity that reaches the detector for 
LP-RSoXS analyses, 𝐼ௗ௘௧(𝑥, 𝑦). In particular 𝐼ௗ௘௧  involves three 
key effects: the intrinsic scattering intensity 𝐼௦௖(𝑥, 𝑦) from the 
sample in the cell, X-ray transmission 𝑇(𝑥, 𝑦) through the cell, 
and the incident beam profile 𝐼଴(𝑥, 𝑦) which is typically not 
uniform across the window aperture: 

𝐼ௗ௘௧ = 𝐼௦௖ ⋅ 𝑇 ⋅ 𝐼଴ (3) 

The first two terms are dependent on the specific window 
bowing behavior, while the last term is specific to the scattering 
instrument or beamline being used. 

The details of the nanostructure will be encoded in the first 
term 𝐼௦௖ . For generality, we calculate the Porod Invariant which 
is the total scattering power of a structure and is independent 
of the details of that structure.  Most structures can be 
approximated as a two phase system yielding 𝐼௦௖(𝑥, 𝑦) =
4𝜋ଶ𝑑𝑉(𝑥, 𝑦)Δ𝑛ଶ𝜙(1 − 𝜙)/𝜆ସ, where 𝑑𝑉 = ℬ(𝑥, 𝑦)𝑑𝑥𝑑𝑦 is the 
differential sample volume that varies across the aperture due 
to the bowing, 𝜙 is the volume fraction (concentration) of 
nanoparticles in solvent or polymer in a hydrogel, 𝜆 is the 
photon wavelength, and Δ𝑛ଶ is the scattering contrast between 
the solute and solvent, defined by the complex index of 
refraction 𝑛 = 1 − 𝛿 + 𝑖𝛽. This model also works for 
continuous (phase separated or porous) solids where 𝜙~1. 
Since we are focused on resonant scattering of carbon 
molecular systems, we simulate a plausible polyethylene oxide 
(PEO) polymer in water across the carbon absorption edge with 
dilute 𝜙 ≪ 1 for nanoparticles in water and 𝜙~1 for a hydrogel. 
At the absorption edge, Δ𝑛 varies dramatically with photon 
energy, giving RSoXS exquisite sensitivity to specific chemical 
moieties within the molecule1 and must be calculated from 
absorption spectroscopy measurements of the energy-
dependent mass absorbance 𝜇 = 2𝜋𝛽/𝜆. The components of 
the index (𝛿 and 𝛽) are presented in Figure S4a for PEO, water, 
and SiN across the carbon K-edge. 

The transmission through the cell is calculated using Beer’s 
Law through the two SiN membranes and the solution between 
them as 𝑇(𝑥, 𝑦) = exp[−2𝜇ௌ௜ே𝑡ௌ௜ே − ℬ(𝑥, 𝑦)∑ 𝑐௜𝜇௜௜ ]. While 
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the SiN windows are of a singular material, the fluid between 
can be a mixture based on the mass concentration (𝑐௜) of each 
component.  Due to the bowing of the SiN membrane windows, 
the photon path through the sample will be longer in the middle 
of the aperture, decreasing transmission through attenuation 
while simultaneously increasing the scattering signal through an 
increase in scattering volume.  The nonlinear trade-off between 
these two effects governs the optimum flow cell geometry.  

We note that the relatively long photon path lengths in 
liquid flow cells compared to solid thin films, raise the question 
of multiple scattering events.  Following the common ‘rule of 
thumb’ from neutron and x-ray scattering, multiple scattering 
becomes important when the product of scattering cross-
section (𝜎), particle concentration (𝑐), and sample path length 
(𝐿) approaches unity, 𝜎𝑐𝐿 ≳ 1.35 However, this ignores 
absorption, which is a critical piece when photon energies are 
near the absorption edge.  In practice, absorption reduces the 
chance that a photon survives to be scattered a second time, 
effectively raising the threshold for multiple scattering events. 
Absorption can then be included in our estimated threshold by 
including the attenuation factor, 𝜎𝑐𝐿𝑒ିఓ௅ ≳ 1, effectively 
making multiple scattering irrelevant and single scattering 
remains the dominant process. 

For the final term in Equation 3, we approximate the 
incident beam profile, 𝐼଴(𝑥, 𝑦), as a uniform two dimensional 
Gaussian shown in Figure 3. This is an idealized representation 
matching the FWHM of the beam at the sample at the Advanced 
Light Source RSoXS Beamline 11.0.1.2, but will be different for 
other instruments. Superimposed on this profile are the 
apertures for cell window widths of 200 μm, 100 μm, and 50 

μm. These apertures show that the right and left edges of the 
window are exposed to less intensity than the top and bottom. 
Additionally, the smallest aperture, 50 μm, exhibits a more 
uniform intensity distribution, whereas the 200 μm aperture 
receives very little to no intensity at the right and left edges. As 
such, the effect of 𝐼଴ on 𝐼ௗ௘௧ becomes more impactful as the 
window aperture increases. 

The full analytical model that quantitatively combines all 
discussed effects on 𝐼ௗ௘௧  is shown in Equation S3 while example 
results of this model are shown in Figure 4a for various window 

Figure 3 - 200 µm, 100 µm, and 50 µm apertured beam profiles, which are idealized 
representations of that at the ALS Beamline 11.0.1.2. These profiles are the 2D incident 
intensity maps 𝐼଴(𝑥, 𝑦) used in the window-bowing models.

Figure 4 - a) 2D Images of 𝐼ௗ௘௧(𝑥, 𝑦) at 289 eV for varying mass fraction concentrations (0.1%, 1%, and 5%) of polyethylene oxide (PEO) in water for different window sizes. 
Constant intensity contour lines are overlaid. All three window sizes at a given concentration are displayed on the same yellow-red-black color scale. Each image has eight contour 
lines, log-distributed between 95% of the maximum and 1% of the minimum pixel intensity. b) Normalized azimuthal integration of each window from the center 𝐼௠(𝑟). Black –
0.1% PEO, Red – 1% PEO, and Green – 5% PEO. The shaded region represents radii extending past the window’s edge, i.e., radii that only represent the corners of the window.
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sizes and PEO solute concentrations – all at the same color scale 
and with a 50 nm thick SiN membrane. The photon energy used 
(289 eV) maximizes the contrast with water, as shown in Figure 
S4b.  For the smallest window (50 μm, Figure 4a top row), the 
bowing increases the scattering signal in the center due to 
increased sample volume that does not appreciably attenuate. 
At the highest PEO concentration, however, the lower 
transmission in the center slightly attenuates the signal due to 
the increased absorption by the PEO chains. This results in an 
annulus around the center as the most intense region for 𝐼ௗ௘௧ . 
Notably, the vertical beam profile also affects the intensity map, 
causing increased intensity from the top and bottom of the 
aperture compared with the sides (best revealed by the contour 
lines).  The attenuation in the center worsens for the 100 μm 
windows (Figure 4a middle row), where now the brightest 
region is a wide annulus that touches the sides of the windows, 
and the transmission function more severely attenuates the 
center region, which again gets worse with higher PEO 
concentration. For the 200 μm windows (Figure 4a bottom 
row), the transmission function completely dominates the 
other terms, attenuating all the signal except for the corners 
where deformation is held to a minimum. 

The traces in Figure 4b represent the azimuthal integration 
𝐼௠(𝑟) of each window’s 𝐼ௗ௘௧  from the center, normalized to the 
total integrated intensity across the entire window 𝕀௧௢௧ . The 
white region represents radii where all angles of the azimuth 
contribute (from the center to the sides of the window), 
whereas the gray area indicates the window corners. This 
representation tells a similar story as the 𝐼ௗ௘௧  heat maps where 
a peak in 𝐼௠(𝑟) within the white region for the smallest window 
(top panel) indicates that most of the signal originates from the 

center. A decline toward 𝑟 = 0 is due to less area (fewer pixels) 
at that radius rather than a decline in intensity. Importantly, out 
of the total area, very little signal originates from the window 
corners, as can be estimated by comparing the areas under the 
curve in the two regions. The middle graph shows that at 100 
μm window sizes, the intensity is indeed very concentrated in 
an annulus directly at the window edges. Finally, the bottom 
graph in Figure 4b demonstrates how nearly all of the intensity 
comes from the window corners, with increasing PEO 
concentration causing the intensity to be pushed further into 
the corner. 

𝐼ௗ௘௧(𝑥, 𝑦) and 𝐼௠(𝑟) in Figure 4 show the distribution of 
where the signal comes from in the window, but each window 
size has a different area, affecting the total signal, and both 
signal and attenuation depend on the material’s optical 
constants in a complex manner across the carbon absorption 
edge. To capture this, we show the total signal 𝕀௧௢௧  to the 
detector as a heat map in Figure 5 as a continuous function of 
window size and PEO concentration for three representative 
energies across the carbon K-edge: pre-edge (270 eV, Figure 
5a), at resonance (289 eV, Figure 5b), and post-edge (320 eV, 
Figure 5c).  Each heat map can then be used to find the optimal 
window width and PEO concentration to maximize the 
scattering signal. Alternatively, vertical line profiles can be 
extracted to determine the best window width for a specific 
targeted PEO concentration, green lines in Figure 5.  The model 
consistently shows a localized maximum signal, which is 
bounded in window size by the aperture at the small end and 
attenuation from bowing at the high end. In the PEO 
concentration dimension, intensity is bounded by scattering 
signal at the low end and absorption at the high end.  

At non-resonant or pre-edge energies (Figure 5a), the 
maximum signal primarily occurs at a window size of 110 μm 
but over a large range of PEO concentrations centered on that 
of a hydrogel rather than a dilute sample. This is because the 
PEO chains do not absorb at this energy, such that the 57.6% 
concentration will produce the most scattering. Conversely, at 
X-ray energies that the PEO chains absorb, the region of
maximum scattering signal is compressed to significantly lower
concentrations and smaller window sizes, with the most
compression occurring at the energy of highest absorbance
(289 eV), resulting in maximum signal at PEO concentrations of
4.4% for window sizes of 78 μm. Notably, at hydrogel
concentrations (>40%), the ideal window size is less than 40 μm,
since any bowing significantly attenuates the signal at these
concentrations.

Although the results in Figure 5 can help one choose sample 
concentrations if that flexibility exists, it is generally impractical 
to choose a different window size for different X-ray energies. 
Given the difficulty of manufacturing microfluidic flow cells, we 
turn to evaluating an optimal window size in the case of typical 
solute concentrations such as 0.1%, 1%, and 5% PEO. This 
analysis is plotted as a continuous function of energy across the 
carbon K-edge in Figure 6a.  The matching color-shaded regions 
depict the window sizes associated with 𝕀௧௢௧  reduced by less 

Figure 5 - Yellow-red-black heat map of total intensity at the detector 𝕀௧௢௧ versus window 
size and PEO concentration at an incident photon energy of a) 270 eV, b) 289 eV, c) 320 
eV. The green line on each heat map follows the window size with the maximal intensity 
for each PEO concentration.
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than 20% from the maximum, representing a range of window 
sizes that produce scattering signals similar to the maximum. 
Across the absorption edge, there are common window sizes 
between the chosen concentrations and across the energy 
range. By taking the weighted mean of all energies for all three 
concentrations, the resulting common optimal window width is 
104 μm. Notably, this width falls within the optimal range for all 
energies and PEO concentrations simulated. 

Choosing this optimal window size, we plot the expected 
total signal, 𝕀௧௢௧, for each of the simulated PEO concentrations 
across the carbon K-edge in Figure 6b, providing an attenuation 
and scattering intensity corrected contrast function. The 
overlayed standard PEO:H2O contrast function, Δ𝑛ଶ, is 
arbitrarily scaled so that the intensity of the maximum peaks are 
equal for qualitative comparison, highlighting some stark 
differences in features. Notably, at low concentrations, 0.1% 
PEO, the standard contrast function matches quite well; 
however, as we move to 5% PEO, the energies of maximum 
intensity change significantly by 0.4 eV, and other features are 
either substantially suppressed or enhanced. This apparent 
difference indicates that the contrast functions being used for 
in-situ nanoparticle scattering are incorrect when the solutions 
under study begin to exceed the dilute limit. However, this 
should not be a deterrent, as the features of Figure 6b clearly 
show that the 5% PEO solution exhibits a total signal 
enhancement of approximately 1.5 orders of magnitude over 
that of the 0.1% PEO solution across even an extended energy 
range (see Figure 6b inset). 

Put together, these results challenge the assumption that 
the primary scattering intensity originates from the corners of 
the windows.  Instead, we demonstrate that the primary signal 
can originate from the center, an annulus, or the corners, 

depending in a complex manner on the geometry, bowing, 
sample concentration, and X-ray energy used. Although outside 
the scope of this study, KLPT refined by our measurements can 
also be used to predict ideal cell geometries and conditions for 
use in electron microscopes, for which these platforms are 
primarily used. 

These results also challenge the simple model of smooth 
laminar flow of liquid through the aperture.  All cell geometries 
measured, including the ideal one, are expected to have bowing 
>10x that of the flow inlet defined by the cell spacers. Thus, new
fluid entering the aperture will not continue to flow with the
previous velocity in a sheet across the aperture but begin to mix
in the relatively large three-dimensional droplet inside the cell.
Consequently, considerations of turbulence and dilution effects
must be included in any dynamics measured in such a system,
the timescales of which are relatively unknown.

Although our results appear to point to one optimal window 
geometry, it should be noted that hydrogels will require 
different geometries for the best signal due to the additional 
attenuation from their higher carbon concentration. The results 
also depend on the pressure applied across the membrane. In 
this study, we used a constant flow microfluidic system, though 
future studies would benefit from implementing constant 
pressure control, which would enable a more direct and 
reproducible correlation between applied pressure and 
membrane deformation, providing a more systematic route to 
optimizing cell geometry and potentially enhancing the ultimate 
signal beyond the parameters investigated here. Though the 
observed deformation suggests that SiN membranes remain 
highly elastic, we did not directly measure the applied pressures 
or quantify fracture strain limits. Determining the maximum 
sustainable deformation before failure will require future 

Figure 6 - a) Optimal window size versus incident photon energy at three concentrations of PEO in water: Black – 0.1%, Red – 1%, Green – 5%. The corresponding shaded region for 
each concentration represents the distribution of window sizes where 𝕀௧௢௧ is reduced by less than 20% from the maximum value. The three black arrows indicate the three energies 
displayed in Figure 5. b) Expected total calculated signal, 𝕀௧௢௧, across the carbon K-edge for the common optimal window width of 104 μm for PEO in water: Blue – 0.1%, Red – 1%, 
Green – 5%. All three PEO concentrations have the same overlayed standard contrast function between PEO and H2O (Black) that have been arbitrarily scaled so that the intensity 
of the maximum peaks are the same, to highlight any differences in features. The primary graph shows an energy range between 285 eV and 300 eV, where the most dramatic 
difference in features is located, whereas the inset at the top right shows an increased energy range of 265 eV to 325 eV.
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experiments with controlled pressure loading. In practice, 
however, we have repeatedly cycled SiN flow cells in LP-RSoXS 
experiments without failure, suggesting robust operation under 
typical conditions, though systematic studies of long-term or 
fatigue effects have not been performed. 

Additional considerations are also important for future 
work. Finite element simulations, for example, could 
complement the experimentally validated KLPT framework 
presented here. However, such simulations require well defined 
mechanical parameters for ultrathin SiN membranes, which 
often deviate from bulk values and therefore must be measured 
or carefully calibrated. The use of other, more rigid membrane 
materials has also recently been demonstrated with aluminium 
oxide membranes,36 which are likely to reduce bowing and may 
prove superior to SiN, while also enabling studies at the 
Nitrogen K-edge. Alternatively, patterned support structures 
may reduce bowing but will also introduce parasitic scattering 
features that can obscure weak LP-RSoXS signals. 

Experimental Section 
Flow Cell SiN Chip Fabrication: Custom SiN microfluidic flow 
cells were fabricated from silicon wafers coated with SiN films 
(50 nm or 100 nm thickness). Windows were etched via 
photolithography with aluminum spacer pads deposited by 
physical vapor deposition to maintain a uniform spacing of 500 
nm. Photomasks defined window sizes of 800 µm in length and 
widths of 70, 100, 200, or 300 µm. Wafer dicing ensured precise 
chip separation and fit for tight sealing into a custom 
microfluidic platform fabricated by Protochips. 

Scanning Transmission X-ray Microscopy (STXM): STXM 
measurements were performed under vacuum at Beamline 
5.3.2.2 of the Advanced Light Source (ALS), Lawrence Berkeley 
National Laboratory (LBNL), using a Protochips custom liquid 
flow cell.8 A photon energy of 530 eV (just below the oxygen 
edge) was used to measure the transmission through the flow 
cell across all SiN window configurations. During the 
experiment, a constant flow of DI water was passed through the 
cell to mimic similar experimental parameters used during a 
scattering experiment. 

Optical Constants: PEO was dissolved in H2O prior to being 
spun-cast as a dry film.  Total electron yield (TEY) NEXAFS 
spectra of PEO were collected at BL 6.3.237 of the ALS at LBNL. 
The imaginary component of the index of refraction, Beta, was 
scaled to bare atom mass absorption calculated from the CXRO 
database23.  Beta for H2O and SiN were taken directly from the 
CXRO database. The real component of the index of refraction, 
Delta, was calculated via Kramer-Kronig transformation 
methods.38 

Data Analysis and Modeling: All data analysis and modeling 
presented in this manuscript were conducted using Igor Pro 9 
(Wavemetrics) with custom-written code. The code and 
associated scripts are available upon request. 

Conclusions 
We have directly characterized SiN membrane deformation 

in experimental conditions of a flow cell, refining a physical 
model to predict window bowing in a microfluidic experiment 
under vacuum. We found that window bowing increases the 
total fluid sample thickness by more than 10x the original spacer 
thickness up to about 10% of the window width. Further, the 
membrane thickness does not have as significant an influence 
on the total amount of bowing as hypothesized. We apply these 
measurements to a comprehensive model including scattering 
volume, resonant cross-section, sample concentration, beam 
attenuation, and beam profile to determine from where within 
the cell scattering signal originates and what the optimal cell 
geometry is. We find that, contrary to previous assumptions, 
the signal can originate from any part of the cell depending on 
the conditions, but at the optimum window width of 104 μm, 
the majority of the signal originates from an annulus region that 
touches the sides of the cell. This model can be used to predict 
and optimize resonant scattering experiments as well as 
provide a basis for increasingly quantitative spatiochemical 
analyses of organic and hybrid nanostructures in liquid 
environments. 
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