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Electron Inelastic Mean Free Path in Water †

Murat Nulati Yesibolati,‡a Simone Laganá,‡a Shima Kadkhodazadeh,a Esben Kirk Mikkelsen,a

Hongyu Sun,a Takeshi Kasama,†a Ole Hansen,a Nestor J. Zaluzec,b and Kristian Mølhave,∗a

Liquid phase transmission electron microscopy (LPTEM) is rapidly developing as a powerful tool
for probing processes in liquid environments with close to atomic resolution. Knowledge of the
water thickness is needed for reliable interpretation and modelling of analytical studies in LPTEM,
and is particularly essential when using thin liquid layers, required for achieving the highest spatial
resolutions. The log-ratio method in electron energy-loss spectroscopy (EELS) is often applied in
TEM to quantify the sample thickness, which is measured relative to the inelastic mean free path
(λ IMFP). However, λ IMFP itself is dependent on sample material, the electron energy, and the
convergence and divergence angles of the microscope electron optics. Here, we present a detailed
quantitative analysis of the λ IMFP of water as functions of the EELS collection angle (β ) at 120
keV and 300 keV in a novel nanochannel liquid cell. We observe good agreement with earlier studies
conducted on ice, but find that the most widely used theoretical models significantly underestimate
λ IMFP of water. We determine an adjusted average energy-loss term Em,water, and characteristic
scattering angle θE,water that improve the accuracy. The results provide a comprehensive knowledge
of the λ IMFP of water (or ice) for reliable interpretation and quantification of observations in LPTEM
and cryo-TEM studies.

Liquid phase transmission electron microscopy (LPTEM) is1

emerging as a powerful method to investigate the evolution of2

materials’ morphology and chemistry in-situ in their native liq-3

uid environment down to atomic resolution1,2. Advanced de-4

tectors3 and low dose4 imaging techniques have been used to5

reduce beam damage5 and artefacts4,6, and have resulted in im-6

proved spatial and temporal resolutions7.7

Liquid sample thickness is a crucial factor for interpreting phys-8

ical and chemical processes observed in LPTEM, for instance9

mass transfer, sample-beam interactions5,8, nanoparticle/bubble10

growth and diffusion dynamics9–11, and electrochemical poten-11

tial driven growth12,13. Additionally, reducing sample thickness12

is a significant factor for achieving higher spatial resolution in the13

LPTEM14 and phase contrast imaging is only possible at ultra-thin14

liquid layer less than λ IMFP/214,15. The λ IMFP will also aid quan-15

titative analysis of High-Angle Annular Dark Field (HAADF) scan-16

ning TEM (STEM) imaging16 and chemical analysis with elec-17
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tron energy-loss spectroscopy (EELS)17. Reducing liquid thick- 18

ness is at times facilitated by means of creating radiolytic bubbles 19

in the liquid cell18,19, or by reducing the encapsulating mem- 20

brane thickness and bulging using different liquid cell architec- 21

tures20–24. However, such thin liquid layers can have vastly dif- 22

ferent mass transport mechanisms, which can potentially modify 23

the kinetics and fluid dynamics in different liquid process, and 24

can lead to misinterpretation of the results without knowing the 25

liquid thickness. For example, in graphene trapped liquid blister 26

cells24, one needs to know liquid thickness to estimate pressure 27

in to better understand the reaction mechanisms25,26, or under- 28

stand the degree of wall confinement in nanoparticle diffusion 29

studies9,27,28. Therefore, the actual liquid thickness present in 30

liquid cell is a crucial factor for correctly interpreting many ex- 31

periment results and modelling of analytical studies in LPTEM. 32

One can estimate liquid thickness by comparing electron beam 33

currents with and without samples in TEM, at best with some 34

30% accuracy29,30. However, electron energy loss spectroscopy 35

(EELS) is the most frequently used method to calculate liquid 36

sample thickness in TEM based on the log-ratio model that mea- 37

sures thickness relative to the inelastic mean free path (λ IMFP)31. 38

The EELS log-ratio model is based on Equation (1): 39

t
λ IMFP

= ln(
It

I0
), (1)

where t is the sample thickness, λ IMFP is the inelastic mean free 40
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path, It is integrated area of the whole EELS spectrum, and I0 is41

the integrated area of the zero loss peak (ZLP)31.42

This relies on the λ IMFP, whose value is, in general, estimated43

as in Equation (2)32,33:44

λ IMFP ≈ 106FE0

Em ln(2βE0/Em)
,F =

1+E0/1022
(1+E0/511)2 (2)

where E0 [keV] is the electron energy, β [mrad] is the collection45

angle of the EELS spectrometer, F is the relativistic factor, and46

Em [eV] is the average energy loss for the examined material.47

Em is in general dependent on the material refractive index and48

composition. However, Em is often calculated from Equation (3):49

Em = 7.6Z0.36
e f f (3)

which is an experimentally determined fit to results sourced50

from several solid materials, with Zeff as the effective atomic num-51

ber32,33.52

Little has been reported on λ IMFP in liquid water despite EELS53

having been applied in LPTEM17,34,35. Holtz et al. found λ IMFP ≈54

106 nm at 200 keV and β >20 mrad17, not matching expecta-55

tions from Equation (2), in which they used a simple single-pole56

plasmon model assuming that the electrons in the fluid behave57

as free electrons. Tanase et al. have reported a single measure-58

ment λ IMFP ≈330 nm for an unknown mixing ratio of water and59

ethanol of at 300 keV and β = 9.6 mrad23, almost 1.5 times60

that from Equation (2), maybe due to the addition of ethanol.61

However, without verifying Equation (2) and other Em models62

for liquids, relying on these models for calculating λ IMFP can lead63

to errors in estimating liquid thicknesses and subsequently, the64

interpretation of observations.65

In this study, we have used a novel nanochannel liquid cell66

(Fig.1) that holds liquid layers with well-defined thicknesses, in67

order to carry out a detailed quantitative evaluation of the log-68

ratio EELS measurement of the λ IMFP of water and the encap-69

sulating silicon nitride (Si3N4, and low stress silicon-rich SiNx)70

membranes. The results are compared to two different models:71

the effective nuclear charge λ IMFP by Malis et al. presented in72

Equation (2) and (3)32,33 and the density dependent model by73

Iakoubovskii et al.as in Equation (4) and (5)36:74

λ IMFP ≈ 200FE0

11ρ0.3

/
ln

1+β 2/θ 2
E

1+β 2/θ 2
c

(4)

θE = 5.5
ρ0.3

FE0
(5)

in which ρ is sample density [gcm-3], θE is the characteristic75

scattering angle, and θc is a saturation factor, and normally is set76

to θc= 20 [mrad]36.77

These two models are both used in the literature, but only oc-78

casionally compared, and there is no clear guideline for which79

one best describes the λ IMFP of water nor silicon nitride, which is80

the typical liquid encapsulation material in LPTEM. Our detailed81

study provides a fundamental reference methodology for future82

EELS and λ IMFP based studies in liquid samples. Additionally, the83

results are also highly relevant for cryo-TEM studies, in which84

vitrified ice thickness is a critical factor for obtaining better im- 85

ages37, as the results match to earlier ice measurements makes 86

it reasonable to assume that these more extensive measurements 87

on water can be transferred to apply to vitrified ice. 88

Results and Discussion 89

The nanochannel Liquid Cell 90

A conventional LPTEM cell uses two manually clamped mi- 91

crochips in which the liquid is enclosed between two thin ( ∼ 92

50 nm) electron transparent silicon nitride membranes38, typi- 93

cally at least 50 µm wide. Inside the TEM, the membranes bulge 94

outwards, due to the ambient sample pressure difference with re- 95

spect to the TEM vacuum chamber, resulting in liquid layer thick- 96

ness variation over the field-of-view (FOV). In this case, the liquid 97

layer thickness can reach up to a few micrometers in the middle 98

of the membranes22, which significantly deteriorates the spatial 99

resolution achievable in these regions of the membrane. In some 100

cases, gaseous bubbles are generated during illumination with 101

the electron beam, displacing the liquid to the bubbles periphery, 102

and leaving a thin residual layer of liquid on the top and/or bot- 103

tom membranes. This improves the spatial resolution, but similar 104

to the membrane bulging, adds to the ambiguity about the true 105

thickness of the liquid layer. Besides the poor spatial resolution 106

in imaging of thick conventional liquid cells, the EELS signal in 107

thicker liquids can also degrade, due to multiple scattering. Al- 108

though EELS quantification in thick samples (t/λ IMFP > 1) is pos- 109

sible in some cases39, and typically multiple plasmons dominate 110

the spectra and can obscure information from other valence and 111

core-loss signals40. Because of this, systems that allow control of 112

the liquid thickness and quantification of the liquid thickness are 113

needed to enable higher spatial resolution imaging, spectroscopic 114

measurements, and complementary analytical studies.

Fig. 1 The nanochannel liquid cell. a) A CAD drawing of the nanochan-
nel liquid cell; it has one inlet and outlet with connected with nanochan-
nels in-between as passing over a window region for imaging. b) A
bright field optical microscopy (BFOM) image of the nanochannels in
the window region. Due to light interference, the suspended nanochannel
(brown) and the nanochannel on silicon (white) show different colours.
c) A STEM HAADF image of a single nanochannel. The nanochannel is
filled with liquid water, and bulges inward. d) A 2D COMSOL simula-
tion shows the stress that a nanochannel experienced during the capillary
filling.

115
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In liquid cell holders that employ manual clamping of the sili-116

con nitride windows, reducing the bulging via shrinking the total117

size of the encapsulating membranes to a few µm is not practical,118

due to the stringent alignment tolerance of small windows. In this119

work, we have fabricated a nanochannel liquid cell (Fig.1a-c) by120

bonding two Si3N4 coated silicon wafers to encapsulate a chan-121

nel system (see experimental section, and Figure S1†)21. The122

resulting bonded wafer architecture creates periodic connections123

between the top and bottom membranes (Fig.1b), creating a large124

(200µm×200µm) window but with embedded 2.5-3.5 µm wide125

Si3N4 nanochannels. This, in turn, results in the local top-to-126

bottom bulge of the nanochannel being limited to a few nanome-127

ters41. The liquid layer thickness is then defined by the channel128

trench depth, which is formed during fabrication. The nanochan-129

nel system is hermetically sealed, until punctured for filling. This130

seals against external contamination making cleaning of the hy-131

drophilic channels before use unnecessary.132

The nanochannel liquid filling processes are described in Ex-133

perimental section. The strong capillary force pulls the liquid into134

the nanochannels. The measured nanochannel height is 85 ± 5135

nm, as shown in the scanning electron microscopy (SEM) cross-136

section images in Figure S2†. We estimated the capillary filling137

pressure ∆p of the nanochannel with thickness t ∼ 85 nm from138

the Young-Laplace equation ∆p = 2cosθγd−1 to be of the order139

-15 bar42 where γ=0.073 Jm-2 is the surface tension of water43,140

and assuming the contact angle θ=0o. The nanochannels be-141

come deformed due to the very high negative pressure developed142

behind the moving meniscus44. Using the COMSOL Multiphysics143

rsimulation program (details can be found in Experimental sec-144

tion), we estimated the overall stress that the nanochannel expe-145

rienced during filling by assuming a static pressure load (15 bar)146

on both inner sides of the suspended membranes. As shown in147

Fig.1d, the largest stress is concentrated near the outer corner of148

the nanochannel side wall (red arrow in Fig.1d), reaching a value149

of 3.3×109Nm−2 which is still below yield stress of Si3N4, which150

if exceeded, would lead to formation of permanent cracks in the151

liquid cell45,46. This stress is accommodated by plastic deforma-152

tion of the nitride structure, which develops an inwards bow even153

under vacuum Fig.1c.154

λ IMFP of liquid water155

Experimental Measurement of λ IMFP156

The λ IMFP of liquid water and encapsulating stoichiometric sil-157

icon nitride (Si3N4) were experimentally measured using EELS158

with the microscope operated in STEM mode at electron energies159

120 keV and 300 keV, for various collection angles β (see exper-160

imental section). The experiment data were acquired at conver-161

gence semi-angle α = 4.9 mrad, and with all collection angles162

β >= 5 mrad.The spectra were analysed using Hyperspy47,and163

additional post data analysis was conducted using custom python164

code.165

Fig.2a presents an annular dark field (ADF) image of a single166

nanochannel. This nanochannel was initially uniformly filled with167

water, as shown in Fig.1c. However, a radiolysis induced gas bub-168

ble was generated during electron beam illumination. The gas169

bubble stabilized as a pocket along one side of the nanochannel170

Fig. 2 STEM-EELS measurement of Si3N4 and liquid water in a
nanochannel liquid cell. a) An annular dark field (ADF) image of a
single nanochannel; the green rectangle indicates the region where the
EELS spectra in (b) was recorded from. The black arrow indicates the
location of the gas bubble formed during beam irradiation. b) The EELS
spectra of the nanochannel with liquid in between.Each pixel represents
a spectrum. Pixel size is ∼ 40 nm and the scale bar is 400 nm. c) spectra
from the regions indicated in (b). R1: two bonded Si3N4 membranes;
R2: two suspended Si3N4 membranes with liquid water in between; R3:
two collapsed Si3N4 membranes assuming no liquid or ultra-thin water in
between; R4: two suspended Si3N4 membranes with radiolysis gas and
thin water layers on both membranes. The peak around 303-304 eV is a
‘ghost zero loss peak ’ artefact from the spectrometer readout system. It
has only 0.1% in intensity compared to the ZLP and does not influence
the analysis within error.

sidewall (indicated by the black arrow in Fig.2a). EELS spec- 171

trum48 were acquired from the marked area in Fig.2a pixel by 172

pixel, and are shown in Fig.2b. The EELS spectra recorded in 173

regions R1-R4 in Fig.2b are plotted in Fig.2c, where the spectra 174

in each pixel were summed along the direction parallel to the 175

nanochannel side wall, and normalized with respect to the ZLP 176

maximum intensity. Spectrum R3 shown in Fig.2c confirms the 177

inward bulging of the nanochannel, as it is almost identical to the 178

spectrum recorded from region R1. This indicates that there is at 179

most an ultra-thin liquid layer present in region R3 which is at our 180

detection limit. Region R2 is filled with water between two sus- 181

pended Si3N4 membranes, as can be confirmed by the increase 182

in the energy-loss signal compared to regions R1 and R3. The 183

spectrum from region R4 differs from R1 and R3. In region R4, 184

gases released by radiolysis and residual thin liquid layers on top 185

and bottom membranes contribute to the spectrum. The effects 186

of radiolysis products in the water are estimated to be in the mM 187
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Fig. 3 t/λ IMFP and HAADF signal analysis in a nanochannel. a) t/λ IMFP map of a nanochannel acquired at 300 keV and with β= 22 mrad; b)
the t/ λ IMFP plots along the arrow line shown in Fig.3a recorded with different collection angles at 300 keV. The error bar is the standard deviation
of t/λ IMFP along the nanochannel sidewall. The dashed lines mark the average contribution from the Si3N4 window in each case. c) a HAADF
image of the nanochannel. The length of the scale bar is 400 nm. d) Intensity of the HAADF signal along the arrow line shown in Fig.3c. e) The
water thickness profile calculated from the HAADF signal along the arrow line, calibrated from the known channel height (SEM cross section image in
Fig.S2). The error bar has contributions from both the standard deviation of the HAADF signal and the nanochannel thickness uncertainty. Distance
d=0 is set to be the inner left-side of the nanochannel.

range5 and neglected here as their concentrations are negligible188

compared to 56 M water.189

The relative thickness t/λ IMFP can be estimated from low-loss190

EELS spectra based on Equation (1). As an example, the t/λ IMFP191

map obtained from the spectrum image in Fig.2b, for β=22 mrad192

at electron energy 300 keV, is shown in Fig.3a. The t/λ IMFP maps193

of the same channel at different collection angles and electron en-194

ergies are shown in Figure S3 & S4†. The t/λ IMFP values for differ-195

ent collection angles measured at 300 keV and averaged along the196

direction of the sidewall of the nanochannel are plotted in Fig.3b.197

As expected from Equations (1) and (2), t/λ IMFP increases with198

increasing β in both the bonded Si3N4 region and the water filled199

nanochannel region.200

To calculate λ IMFP, the nanochannel height is needed and was201

obtained from the SEM cross section images (Figure S2†). The liq-202

uid thickness, t, is equal to the nanochannel height near the side-203

walls in the measurements, even when the suspended nanochan-204

nel has inward bulging (Fig.1c, Fig.3c). Considering that both205

the Si3N4 and water are amorphous materials and the liquid cell206

is thin (t/λ IMFP < 1), we can to a first approximation assume a207

linear relationship between the sample thickness and the HAADF208

image intensity16,53 in Fig.3d. After subtracting the signal contri-209

bution from the Si3N4, the measured channel height of 85 nm was210

assigned as the thickness of liquid water near the sidewall and211

extrapolated to the rest of the signal profile across the nanochan-212

nel to obtain the water thickness profile displayed in Fig.3e. As213

shown in Fig.3e, the liquid layer thickness decreases to below 214

10 nm in the middle of the nanochannel. This is a reasonable 215

residual layer given the 3 nm RMS roughness of the Si3N4
21 216

and possibly the TEM vacuum causing an outwards bulging of 217

the pressurized channel’s top and bottom up to 10 nm41. It is 218

worthwhile to note that in the bubble region the thickness of the 219

thin liquid layer on the top or bottom membrane is also about 10 220

nm (neglecting any scattering in the gas), which might be used 221

as an starting point estimate of cumulative liquid layer thickness 222

in studies where a bubble is present between the membranes. 223

The Si3N4 contribution (detailed in Figure S5-S10†) is first sub- 224

tracted from the t/λ IMFP maps, giving solely the signal from liquid 225

water. The resulting t/λ IMFP values are plotted as a function of 226

distance relative to the inner sidewall of the nanochannels for 227

different collection angles and for 300 keV and 120 keV electron 228

beam energies (Fig.4a,b, respectively). t/λ IMFP of water shows a 229

downward trend as a function of distance from the sidewall and 230

towards the centre of the nanochannel. This is expected, as the 231

nanochannel has an inward bow as explained earlier. Fig.4c,d 232

show the λ IMFP of liquid water at different collection angles and 233

electron energies. At each energy they are fairly constant and con- 234

sistent within error bars but with a slight tendency for increasing 235

λ IMFP at thinner liquid thicknesses (d > 0.5µm). Given that the 236

effect is small compared to the experimental errors, it is consid- 237

ered part of the noise, but if such an effect is present, it could 238

be due to surface excitation and become important for measure- 239

4 | 1–9Journal Name, [year], [vol.],
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Fig. 4 λ IMFP of liquid water. a) and b) The t/λ IMFP line plots across the nanochannel after subtracting the Si3N4 contribution for 300 keV and
120 keV beam energies, respectively. c) and d) The λ IMFP of liquid water at different positions across the nanochannel calculated by dividing the
thickness profile of water estimated from HAADF images recorded at 300 keV and 120 keV by their corresponding t/λ IMFP profiles. The error bars
have contribution from the uncertainty of the nanochannel thickness and the t/λ IMFP signal. a) has the same legend as c), and b) the same legend
as d). e) and f) Our experimentally measured λ IMFP of liquid water vs. collection angle plotted alongside the models discussed in the text, and the
values reported in the literature for water and ice. The values taken from the literature are: e) F: ice, M. J. Peet et al. (2019), with β possibly
in the range of 9< β <27 mrad49; X: ice, W. J. Rice et al.(2018), object aperture diameter (100 µm)37; •: water-ethanol mixture (of unknown
mixing ratio), Tanase et al. (2015)23. f) �: ice, B. Feja et al.(1999)50; I: ice, Egerton (1992), calculated by ref.50; X: ice, Egerton (1992), at 100
keV51; F : ice, R. Grimm et al. (1996)52. Zeff(H2O)=4.38, and ρ =1.00 gcm-3 were used for the calculations in the two models, and the ± 20%
accuracy(red) in the model Malis et al. and 25% overestimation (green) in the model Iabukouvskii et al. are plotted as the shaded regions in e,f. The
error bars in experiment data are the standard deviation of the data in distance 0.05 µm < d < 0.5 µm shown in c,d. Only the experiment data with
β<20 mrad were used for fitting. The shaded regions in exp. fit curves originate from the standard deviation of Em and θE as shown in Table 1.

ments on ultrathin (< 10 nm) liquid layers31,54.240

Considering the thickness uncertainty, signal to noise ratio241

(SNR) and possible effects from vicinity to the nanochannel side242

wall (Fig.4c,d), the data from the distance 0.05 µm < d < 0.5 µm243

(0.2 < t/λ IMFP < 0.5) was used to estimate the λ IMFP of liquid244

water at 120 keV and 300 keV. Our experimentally determined245

λ IMFP for liquid water along with the reported values for liquid246

water and ice in other experimental studies, and the Malis et al.247

and Iabukouvskii et al. models are plotted in Fig.4e,f.248

As indicated in equation (1), the t/λ IMFP singles in the249

nanochannel region, are superimpose of a spatially varying H2O 250

t/λ IMFP signal that varies linearly with HAADF thickness and a 251

constant silicon nitride t/λ IMFP signal. Therefore, a linear re- 252

gression method55–57 was used to separate the two signals, from 253

which the λ IMFP of water and silicon nitride are achieved in- 254

dependently from the approach mentioned above giving results 255

identical within error (Figure S11†). 256

Both our values and those reported elsewhere (ice37,49–52 and 257

water/ethanol mixture23 ) are significantly larger than those cal- 258

culated: 60% – 80% larger compared to the Malis model and 30% 259
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– 50% larger compared to the Iabukouvskii model. Even by con-260

sidering the ± 20%32 accuracy in the model by Malis et.al. and261

from 10%58 to 25%31 overestimation in the model Iabukouvskii262

et.al., the difference is still significant as shown in Fig.4e,f.263

It is important to note that, in the case of both models, Em264

(Equation (3)) and θE (Equation (5)) are derived empirically265

from measurements on a limited group of solids and at specific266

electron beam energies (100 keV by Malis et al. and 200 keV by267

Iabukouvskii et al.). The Iabukouvskii model is known to overes-268

timate sample thickness on average by 25%31, and possibly could269

be further improved by corrections58. Similarly, different expres-270

sions for Em at higher beam energies have been suggested also59.271

It is worth noting that both the Malis and Iabukouvskis models272

make use of the Kramers-Kronig (K-K) model estimation of the273

absolute specimen thickness31,and Equation (2) and (4) are sim-274

plified from the K-K model assuming refractive index n»1, which is275

an important factor to consider for water/ice with refractive index276

n=1.3331,36. However, by including a refractive index correction277

(Figure S12†) as also discussed in an ice thickness study52, we278

do not find improved match to data, rather all predictions signifi-279

cantly deviated from the observations for both models.280

No single model fits the measured values. Based on our mea-281

surements of λ IMFP in the range β<20 mrad, we find that a282

simple fitted value of Em in the Malis model Equation (3) gives283

a reasonable fit as E120keV
m,water = 6.84 ± 0.25 eV at 120 keV, and284

E300keV
m,water = 7.48 ± 0.22 eV at 300 keV. Our E120keV

m,water matches the285

E100keV
m,ice = 6.8 eV value reported by Egerton for crystalline ice31,51.286

This is not surprising, given the small density and refractive in-287

dex difference between water and ice, as vitreous ice has a vol-288

ume density of 0.94 gcm-3 at 84K60,61, and refractive index of289

n=1.31 close to water’s 1.3362. Therefore, our results are also290

relevant for cryo-TEM investigations, which employ vitreous ice.291

For the Iabukouvskii model, we find θ 120keV
E,water) = 0.26± 0.04 mrad292

and θ 300keV
E,water = 0.12±0.01 mrad. These results are summarized in293

Table 1.294

Table 1 Summary of the average energy-loss term Em, and the charac-
teristic scattering angle θE at different electron energies

Material Reference

Electron
beam
energy
(keV)

Em
(eV)

θE
(mrad)

Liquid
water

Malis et al. 32,33

Equation 2 & 3
120 12.93
300 12.93

Iabukouvskii et al. 36

Equation 4 & 5
120 0.06
300 0.04

Crystalline
ice

Experiment
Egerton et al. 31,51 100 6.8

Liquid
water

Experiment
in this work

120 6.84±0.25 0.26±0.04
300 7.48±0.22 0.12±0.01

In EELS and t/λ IMFP measurements, the specimen should be295

very thin, as deconvolution of multiple scattering signals become296

challenging in thick samples, but how thin is not unanimously de-297

fined. However,in practise, the plasmon peak should be no more298

than one-fifth the height of the zero-loss peak to accurately inter-299

pret the sample thickness63, and preferably t/λ IMFP <0.5-0.664,300

or up to a linearity until t/λ IMFP = 2.5 for ice50. Within un- 301

certainty the λ IMFP is independent of thickness in this study in a 302

range of 0.1< t/λ IMFP,water <0.5 for water(Fig.4c,d), and 0.3< 303

t/λ IMFP,Si3N4 <1.0 for silicon nitride (Figure S7 & S10†), and up 304

to t/λ IMFP,water+Si3N4 <1.5 (Figure S4b†) . Hence we recommend 305

values from this work, Em, θE and λ IMFP can be used directly 306

to calculate the liquid thickness up to t/λ IMFP = 1.5, and possibly 307

can be extended to t/λ IMFP=2.550, which corresponds to roughly 308

1 µm liquid thickness (at β=5 mrad and 300 keV). 309

The result also indicate that careful validation of the λ IMFP 310

should be considered in non-metal materials, as indicated in the 311

original literature but today not always done in practise. 312

Conclusions 313

In summary, we used a novel nanochannel liquid cell that pro- 314

vides well defined liquid layer thickness, and quantified the λ IMFP 315

of liquid water and silicon nitride (Si3N4, and SiNx, ESI†) over a 316

range of different collection angles and for two electron energies 317

(120 keV and 300 keV) and compared to the two main models in 318

use today. In our evaluation, the λ IMFP of Si3N4 and SiNx have 319

the same λ IMFP, and matches the Malis et al. model within uncer- 320

tainty in the range β < 20 mrad at higher electron energy (300 321

keV), and matches both the Malis et al. and the Iabukouvskii et al. 322

models at 120 keV. However, both models largely underestimate 323

the λ IMFP of water compared to our experimental values, while 324

the values reported in the literature for ice (single data points) 325

are consistent with our results. A refractive index correction does 326

not give a much better fit to data (Figure S12†). The basis for 327

discrepancies between our results and the two models are dis- 328

cussed, and the best fitted fixed values of Em and θE to the Malis 329

and Iabokouvskii models are obtained. Based on these values, the 330

absolute water or ice thickness in LPTEM and cryo-TEM studies 331

can be estimated with high accuracy up to about t/λ IMFP ∼ 2.5 or 332

about 1 µm water thickness. 333

The results hence provide data and insight to the different 334

approaches to λ IMFP calculations that may also be useful for 335

gas cell and other liquid solutions. Given the low t/λ IMFP in 336

the nanochannel architecture, it will be valuable for pursuing 337

elemental characterization/quantification, such as oxygen and 338

other species which are important for biological applications, and 339

maybe even of light elements such as H2 K-edge at 13 eV in care- 340

fully designed experiments, which is also a radiolytic product in 341

LPTEM5. 342

Conflicts of interest 343

There are no conflicts to declare. 344

Author Contributions 345

M.N. Yesibolati, S. Kadkhodazadeh, S. Lagana, T. Kasama and 346

K. Mølhave designed and conducted the experiments; S. Laganá, 347

and E. K. Mikkelsen fabricated the chips; M.N. Yesibolati made the 348

TEM holder; H.Y. Sun helped with chip characterizations in TEM. 349

M.N. Yesibolati, K. Mølhave, S. Kadkhodazadeh carried out data 350

analysis and wrote the manuscript with corrections and revisions 351

from N.J. Zaluzec, O. Hansen and H.Y. Sun . The manuscript was 352

written through contributions of all authors. All authors have 353

6 | 1–9Journal Name, [year], [vol.],

Page 6 of 9Nanoscale



given approval to the final version of the manuscript.354

Acknowledgements355

The authors are grateful B. Wenzell for taking SEM cross sec-356

tion images; W. Huang for helping SEM sample preparation; J.357

Kling and A. Fuller for custom-made TEM holder inspection. B.D.358

Chang for helping with optical profilometer measurement, and A.359

Brostrøm for helping with python coding. We acknowledge finan-360

cial support from the Danish Research Council for Technology and361

Production Case No. 12-126194. This work was supported in part362

by the Advanced Materials for Energy-Water Systems (AMEWS)363

Center, an Energy Frontier Research Center funded by the U.S.364

Department of Energy, Office of Science, Basic Energy Sciences.365

Experimental Section366

The nanochannel liquid cell microfabrication. The367

nanochannel devices were fabricated as depicted in Figure368

S1†, by lithographically defining the channels on a double369

polished silicon wafer followed by transfer of the pattern into Si370

using a deep reactive ion etching system (DRIE). The channel371

depth is defined by the etching time. In order to remove any372

contamination, the wafers were cleaned in an RCA solution prior373

to Atomic Layer Deposition (ALD). A thin ∼3 nm layer of ALD374

Al2O3 was deposited on the channel wafer in order to improve375

the bonding adhesion. The wafers were annealed at 400 oC for376

8 hours to enhance the bonding strength. Backside lithography377

is then applied to the un-patterned wafer, followed by etching378

in a KOH/H2O solution at 80 oC of the fully bonded system in379

order to open in/outlet and release the middle membrane region.380

Once the KOH etch is completed the imaging membrane size was381

200µm×200µm. The final bonded chip systems have channels382

suspended in the middle membrane as depicted in Figure383

S1e†, and inlets are clean and sealed with suspended nitride384

membranes. After processing, chips are coated in protective385

resist and diced for further use.386

Sample loading and sealing. Protective photoresist on chip387

was removed by placing chip into acetone and isopropanol baths.388

Both the in/outlet was protected by Si3N4 membranes during389

cleaning. The membranes covering in/outlets were punctured390

mechanically before filling liquid. Filling of the nanofluidic chip391

was done by carefully placing a 1 µL droplet of water solution392

on top of the inlet, and letting the capillary force draw the liquid393

into the nanochannels. The nanochannels were completely filled394

after the droplet was placed over the inlet. The high negative cap-395

illary pressure causes inwards bulging of the channel during fill-396

ing. Plastic deformation of the nanochannel by the capillary pres-397

sure may cause some degree of permanent inwards bulging in the398

channel as mentioned in the paper (Fig.1b and 1c). After filling,399

the inlet and outlet were sealed with water-insoluble ultra-high400

vacuum (UHV) compatible epoxy (Epotek 77 R©). The nanochan-401

nel liquid cell was mounted in a custom built TEM holder after402

the epoxy had cured at room temperature.403

COMSOL Multiphysics simulation. In order to assess the stress404

during liquid filling, Finite element analysis (FEA) was carried405

out using Comsol Multiphysicsr(version 5.4). The model geom-406

etry was based on the nanochannel design. The calculus consists 407

of Solid Mechanics module for a linear elastic material. We ap- 408

plied a static pressure load (15 bar) to the inner surfaces of the 409

nanochannel that was needed to make the upper and lower part 410

of the channel reach a collapsed state, and a stationary study was 411

conducted. 412

STEM-EELS measurement. Before inserting the custom-built 413

TEM holder, the nanochannel liquid cell was plasma cleaned ( 414

(VAr:VO2=4:1, at 4mBar and 100 W for 30 minutes) together 415

with the custom-built holder to minimize any carbon contamina- 416

tion to the outer surfaces of the suspended membranes. The data 417

were collected using an FEI Titan 80-300ST TEM operating at 120 418

keV and 300 keV equipped with a Gatan Imaging Filter 865 Trid- 419

ium. Pixel step size was around 20-40 nm, and the pixel dwell 420

time was around 0.05 sec. The collection angle β was changed 421

by adjusting the camera length, ranging from 5 mrad<β< 34 422

mrad at 300 keV, and 5 mrad<β <52 mrad at 120 keV .The con- 423

vergence semi-angle was α = 4.9 mrad. The electron flux was 424

between 40-60 e−Å
−2

s−1. 425

We have restricted the study to thin samples to avoid complica- 426

tions due to multiple scattering. Moreover, elastic scattering can 427

be an issue when using β < α, or for crystalline samples if strong 428

diffracted intensities occur within or outside the collection aper- 429

ture32. However, in our case, β > α is chosen throughout, and 430

the sample is liquid and amorphous so both these effects can be 431

ruled out. 432

Thickness measurement. In order to take cross section images 433

and obtain the nanochannel height and Si3N4 thickness, we broke 434

the chips used in this study, and immersed them into 15 wt% KOH 435

solution for 15 minutes at room temperature, and cleaned with 436

DI water afterwards. FEI Analytical ESEM 250 was used to take 437

the cross section images. Both the secondary and backscattered 438

detectors were used. 439

The HAADF inner collection angles are: 99 mrad for 300keV 440

and 125 mrad for 120 keV. The absolute thickness value relies 441

on the known water thickness at the nanochannel sidewall. The 442

HAADF analysis is used to investigate if the λ IMFP depends on 443

the water thickness, where 100 mrad collection angle ensures 444

there is a linear relation ship between thickness and HAADF sig- 445

nal16,53,65. Given there is no significant thickness dependence of 446

the measured λ IMFP compared to the noise level, we allow the 447

most reliable part of the HAADF measurements to be included in 448

the dataset (up to 0.5 µm from the sidewall). 449

Image analysis. The spectra were analyzed using Hyperspy47, 450

and additional post data analysis conducted using custom python 451

code including data/figure plots (Fig.3,Fig.4), data fitting (Fig.4). 452
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