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characterization of materials from (sub)
nanometer to micrometer scales.[���] For 
beam stable thin and solid samples, sub-
¯ngström resolution can be achieved, 
while for beam sensitive cryogenic sam-
ples, such as nanoparticles in vitri�ed 
liquids, (sub-) nanometer resolution is 
possible.[�] To directly image nanoscale 
materials formation and transformation 
processes in solution in real-time, liquid-
pPhase (LP)(Scanning) transmission 
electron microscopy (LP-(S)TEM) can be 
employed with nanometer spatial resolu-
tion.[�,�] The bene�ts of LP-(S)TEM over 
conventional dry (S)TEM (i.e., preserving 
the native aqueous state) or cryogenic 
approaches (i.e., preserving the dynamics 
of the sample) in materials science and 
life science have recently been discussed 
extensively.[����]

The most common LP-(S)TEM setup 
is a closed-cell in which the liquid is con-
�ned between two electron-transparent 
silicon nitride (SiNx) membranes.[��] To 
de�ne the thickness of the liquid layer and 

to guide the liquid �ow, spacers with a thickness of between 
��� nm to �� �m are added around the membrane.[�] However, 
the observed thickness of the liquid layer is not only deter-
mined by the spacers,[��,��] but also depends strongly on the 
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�. Introduction

(Scanning) Transmission Electron Microscopy ((S)TEM) 
is a key technique for morphological and compositional 
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SiNx layer thickness and its lateral dimensions, the employed 
procedure of cell assembly, and the pressure inside the liquid 
cell.[��,��] Notably, the pressure di�erence between the cell inte-
rior (�� bar) and microscope column (close to �� bar) leads to 
the SiNx windows bending outwards, causing the liquid layer 
thickness to vary across the viewing area. There are two prin-
cipal but unfortunately competing requirements on liquid layer 
thickness. On the one hand, liquid layers should be as thick 
as possible to avoid con�nement e�ects from di�usion limi-
tations or (charged) surfaces[��,��] to be able to translate LP-(S)
TEM observations into mechanisms that actually occur on a 
laboratory scale. On the other hand, the liquid layer should be 
as thin as possible to avoid spatial broadening of the electron 
beam and broadening of the energy spread due to inelastic scat-
tering events in the liquid cell to be able to follow, for example, 
nucleation, growth and assembly processes with atomic reso-
lution.[�,��] Clearly, both requirements cannot be ful�lled at the 
same time, thus being able to dynamically control the liquid 
layer thickness in LP-(S)TEM experiments would be an attrac-
tive solution. Rapid dynamic control of liquid layer thickness 
enables a new way of performing LP-(S)TEM, which is carrying 
out the largest part of the experiment using a thick liquid layer 
to avoid con�nement e�ects and achieving thin liquid layers 
whenever needed for imaging at higher resolution.

Another key challenge for LP-(S)TEM is to minimize and/or 
model and account for electron beam e�ects, such as the radi-
olysis of water.[��] For instance, OH� and H� species will locally 
change the pH in the illuminated area and beyond, while 
solvated electrons (eaq

�) can reduce metal ions, thus, inducing 
signi�cant changes to the observed solution chemistry.[�����] 
Therefore, in addition to dynamic control also mapping of 
the liquid layer thickness throughout the entire viewing area 
is essential for progress in LP-(S)TEM towards achieving bulk 
laboratory-scale solution conditions.

Employing electron energy-loss spectroscopy (EELS) to esti-
mate the thickness of the liquid layer for the entire imaging 
area before each experiment is considered to be too time-con-
suming or, due to lack of an energy �lter, unfeasible in many 
laboratories.[�����,�����] Furthermore, EELS and energy-�ltered 
TEM (EFTEM) thickness measurements require high electron 
doses, which might lead to signi�cant beam damage of the 
liquid samples prior to the actual experiment.[��] Alternatively, 
the use of the measured current density with and without a 
sample in TEM and STEM has been employed to measure 
the liquid thickness at a few points across the viewable area, 
again mainly carried out high magni�cation and at high elec-
tron doses.[��,��] Thus, a simple low-dose method to map the 
liquid layer thickness throughout the entire viewing area is 
needed to avoid changes to the chemical environment but still 
provide the necessary information to: �) estimate which reso-
lution can be reliably achieved,[��,��] �) model beam e�ects,[��] 
and �) be able to control liquid thickness throughout the 
experiment.[��]

In summary, to improve LP-(S)TEM methodology, accurate 
and dynamic control of the liquid layer thickness is required, 
which has to be achieved by modulating the pressure in the 
liquid cell.[��,��] Furthermore, mapping the liquid layer thick-
ness throughout the entire viewing area at minimal electron 

dose is an essential prerequisite that also aids in modeling 
beam e�ects and contrast/resolution simulations to assess the 
interpretability of obtained data.[�,��,��,��,��]

In this manuscript, we �rst present a simple low dose 
method requiring less than �.�� e� ¯�� to acquire a map of the 
liquid layer thickness throughout the entire viewing area of 
any liquid cell and with minimal radiolysis e�ects even during 
repeated measurements. With this tool at hand, it is shown 
that thin liquid layers, corresponding to inward bulging of the 
SiNx membranes, can be realized by using the Laplace pres-
sure, that is, via changing the �lling state of the liquid cell and 
modulating the relative humidity in the surroundings. Finally, 
we show that dynamic control over the liquid thickness, SiNx 
bulging, and total volume of liquid in the cell can be obtained 
by modulating the inlet and outlet pressure of the cell with 
pressure pumps. The presented approaches o�er additional 
�exibility in designing LP-(S)TEM experiments towards over-
coming con�nement e�ects achieving bulk laboratory-scale 
solution conditions at increased resolution.

�. Results and Discussion
An in situ LP-(S)TEM holder was employed for the LP-TEM 
experiments (Figure��a and Figure S�, Supporting Information). 
Two Si chips with a �����m � ����m SiNx window are assem-
bled in a crossed con�guration, thus forming a ����m � ����m 
sized imaging area. The thickness of the employed SiNx mem-
branes is ���nm. Two �.��mm � ��mm chips without spacers 
are sealed with O-rings in the chamber of the tip, forming a 
liquid cell isolated from the vacuum in the TEM column. The 
groove in the holder tip, where the chips sit, can be considered 
as a cylindrical chamber with a diameter of ��mm and a height 
of ��mm (Figure S�, Supporting Information).

The pressure di�erence between the liquid cell and the 
microscope column results in a liquid layer that is �at in the 
region of the Si frame having a constant thickness t�at and varies 
in thickness tbulg�� f(x,y) in the SiNx window area (Figure� �b). 
Note that tbulg here includes both the top and bottom bulged 
liquid layers. Since the thickness of the SiNx membranes is 
the same for the top and the bottom chip, we assume that an 
equivalent outward bulging occurs in the two directions in the 
window area (Figure��c).

�.�. Low-Dose Thickness Mapping

To map the liquid thickness in the viewing area (Figure��, Fig-
ures S�,S�, Supporting Information), two low magni�cation 
low-dose bright-�eld TEM images are acquired (typical electron 
�ux: �.�����.�� e� ¯�� s��, ���.� s exposure): one �at �eld image 
without sample yielding information on the electron �ux, and 
one image containing information on the number of electrons 
that locally transmitted the viewing area. This implies that a 
thickness map of the whole viewing area can be acquired at a 
total dose of less than �.�� e� ¯��

. Note that, because imaging 
of the liquid is performed at low magni�cation (������� �), 
low resolution and in focus, phase contrast contributions can 
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be neglected (see details in Section S�.�, Supporting Infor-
mation).[��] Thus, the liquid layer thickness throughout the 
imaging area can be approximated also taking the SiNx mem-
brane thickness into account, by mass-thickness contrast con-
siderations alone (MTC method). As shown in Equation�(�), the 
liquid thickness is determined based on Lambert-Beer�s law 
from the ratio between transmitted beam intensity It and inci-
dent intensity I�.[�����]
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where ti is the thickness of the component i (i�� SiNx and liquid) 
and �i is the elastic mean free path (EMFP) of each component, 
which can be calculated from the elastic electron scattering 
cross-section of the corresponding atomic components using 
well-established methods.[�����] A detailed calculation of the 
liquid layer thickness, tliquid, including considerations on e�ects 
from bulging, is provided in Sections S�.� and S�.�, Supporting 
Information).

The thickness calculations were implemented in MATLAB 
����b (Mathworks, code provided in Supporting Information). 
Here we like to note again that all experiments have been car-
ried out with a cross alignment of the rectangular windows 
resulting in a square viewing area. To simplify thickness calcu-
lations, the square viewing area is �rst rotated to align with a 
Cartesian coordinate system. An example image of an aligned 
and bulging liquid cell �lled with water (EMPF: ���� nm) is 
shown in Figure��d. Figure��e shows the derived thickness map 

and the bulging map, respectively. Please note that the thick-
ness of the cell might vary signi�cantly in every experiment 
even using the same liquid with the same volume (Figure S�, 
Supporting Information). Based on the geometry of the crossed-
window liquid cell (Figure S�, Supporting Information, see the 
comparison of con�gurations between crossed- and parallel- 
window liquid cell in Section�S�, Supporting Information), t�at 
can be approximated as the liquid layer thickness at the corners 
of the viewing window area, while the thickness in the center 
of the window area, tliquid, is the sum of t�at and tbulgC, that is, 
t�at � �tbulgC (Figure��b). From Figure��e, we can estimate that 
t�at is ����nm and tliquid is ����nm. To adapt our method to any 
liquid and microscope, the corresponding EMFP can be approx-
imated from the chemical composition of the liquid and the 
acceleration voltage of the employed microscope (see Sections 
S�.��S�.�, Supporting Information).[��,��,��] As an illustration, 
we show in Figure S�, Supporting Information, the thickness 
map of a ����m � ����m liquid cell �lled with acetone (EMFP 
� ����nm) under �ow conditions, where t�at and tbulgC are calcu-
lated to be ��� and ����nm, respectively.

We benchmarked our method with EELS thickness meas-
urements on a water-�lled liquid cell, employing the standard 
theoretical model[��,��] (Figure��f) and employing a very recent 
approach[��] that is based on an adjusted average energy-loss 
term (Figure S�, Supporting Information). Our thickness 
measurements fall between both EELS approaches with our 
maximum liquid thickness being very close to the standard 
theoretical model and at lower thicknesses better matching the 
recent approach. Further details can be found in Section S�.�, 

Figure �. Mapping the liquid thickness in a crossed-window liquid cell. a) Schematics of a central cross-section of a typical liquid cell assembled 
from two chips without a spacer in the holder tip. b) Zoom in of the region indicated by the dashed box in (a), with the parameters discussed in the 
text indicated. c) Schematic three-dimensional top view of the liquid cell showing that the window areas of the chips are cross aligned. The viewing 
window area is highlighted by the dashed box. For a detailed comparison between a parallel- and a cross-aligned con�guration, see Section�S�, Sup-
porting Information. d) Intensity map of the viewing window area in a water-�lled cell. e) Liquid layer thickness map calculated from (d) using the MTC 
method f) Absolute liquid thickness map obtained from the same liquid cell in (d,e) using STEM-EELS measurements, where �IMFP is calculated via a 
well-established theoretical approach (see Section S�.�, Supporting Information).
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Supporting Information, including MTC measurements of a 
���nm SiNx membrane with ���% accuracy.

�.�. Thickness Control via Modulating the Internal Pressure

The window bulging is caused by a pressure di�erence between 
the internal pressure in the liquid cell and the vacuum in the 
microscope column. Therefore, gaining control of the internal 
pressure is crucial to alleviate bulging e�ects. In LP-(S)TEM 
experiments, three typical �lling states of liquid cells can be 
obtained, as shown in Figure��. The main di�erence between 
the �rst state and the last two states is the introduction of a 
�at (Figure� �a) or curved (Figure� �c) vapor-liquid interface at 
the edge of the overlapping silicon frames. It is known that the 
presence of the curved liquid-gas interface results in a Laplace 
pressure PLap. This means that, depending on the �lling state of  
the liquid cell, the internal pressure Pinter of the liquid in the 
cell is determined by both the external pressure Pexter and the 
Laplace pressure PLap:

inter exter LapP P P� �  (�)

where Pexter is the atmospheric pressure (��.�� bar) in most 
LP-(S)TEM experiments, but it can be regulated by changing the 
pressure at the inlet and outlet tubings.[��,��] Here we assume 
Pexter is constant at �.�� bar. In a completely �lled liquid cell 
(Figure��a), PLap�� �, therefore Pinter�� Pexter. This state (State I)  
is the most common in the liquid cells under �ow conditions 
when no air bubble is trapped. Figure�� (State II) exhibits a par-
tially �lled cell with a �at gas-liquid interface and liquid spill in 
the surrounding chamber. Still, Pinter� � Pexter, as PLap� � �. But 
this is a metastable state and �uctuations, such as some evapo-
ration, can easily transform this state into State III (Figure��b), 
where a curved meniscus forms, leading to a negative PLap. The 
resulting PLap can greatly reduce Pinter, depending on the formed 
curvature. So far, PLap has never been considered in controlling 

the liquid thickness in LP-(S)TEM, and it is challenging to sat-
isfy the formation conditions of the curved meniscus in such a 
con�ned environment. We describe in the following how PLap 
can be used to achieve a thinner liquid cell. The Laplace pres-
sure is given by

1 1
LapP

R r
�� ��

�
�

�
�
�  (�)

where � is, the surface tension of the liquid (e.g., for water, �  � �.� 
� ���� N m�� at ����C), and R and r are the largest and smallest 
principal radii of curvature, respectively. Here R corresponds to 
approximately half the diameter of the overlapping chip area, 
therefore R��� r. As t�at�� �rcos�, Equation�(�) can be written as

2 cos
Lap

flat

� � �
�

�
�

�
P

r t  (�)

Since � is normally constant in one LP-(S)TEM experiment, 
PLap is dependent on r, that is, t�at and the contact angle �. As 
an upper bound to the maximum Laplace pressure PLap max 
achievable, we consider the situation where the meniscus is 
just retracted fully into the gap between the chips. In this case, 
the curvature is similar to a cylinder that just �ts in between the 
two chips with a radius of t�at/�. Since the SiNx layer is hydro-
philized by O� plasma treatments, we assume that � is close to 
��. Therefore, we assume that

2
Lap max

flat

P
t
�� �  (�)

For example, when t�at of pure water layer is ���� nm, 
PLap max is approximately ��.���bar at ����C. Therefore, Pinter is 
��.���bar according to Equation� (�), which might result in an 
inward bulging membrane. When a critical t�at value is reached 
(�.���m), Pinter is close to ��bar, indicating the window should be 
�at without any outward bulging (Figure��c).

Figure �. Evolution of the meniscus in a liquid cell during evaporation. a) Schematic of a liquid meniscus with a �at gas-liquid interface (r�����) before 
evaporation (State II). Some excess liquid is present in the surrounding chamber. b�d) When evaporation occurs, the �at gas-liquid interface gradually 
becomes curved, and the corresponding radius of curvature becomes smaller (r��� r��� r�). At the same time outward bulging is being reduced. In this 
period, the meniscus is pinned to the edge of the chips until the meniscus escapes pinning (d). e) Further evaporation causes the interface to move 
continuously to the center of the window, while the radius of curvature stays constant. f) Schematic showing how the gas-liquid interface moves during 
evaporation. ri (i�� �, �, � or �) is the curvature of the moving meniscus during evaporation where r��� r��� r��� r��� r��� t�at/�. The points m and n are 
the pinning points for the meniscus at the edge of the chips.
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So, how can we control the formation of the concave liquid 
meniscus in the liquid cell? The most straightforward solution 
is to load an ultra-low volume of liquid between the two chips 
to directly generate a liquid meniscus. Typical t�at obtained in 
LP-(S)TEM experiments is in the range of ���� nm and ���m. 
For a ���m liquid layer over a ��mm � �.��mm chip area, one 
needs only � �� nL liquid to �ll the cell, while for a ����nm cell, 
less than � nL of liquid is needed. In contrast, static cells con-
ventionally are prepared by direct drop-casting on the bottom 
chip with a liquid volume of � ��� nL.[�,��] This means that at 
least ��� nL of the liquid is used to �ll the liquid cell chamber. 
Here we employed the SciTEM (Scienion AG, a CELLINK com-
pany, Germany), an automated piezoelectric-actuated ultra-low 
volume dispenser, to assist the liquid handling. The SciTEM 
is capable of patterning picoliter droplets of solutions onto the 
chip surface with a prede�ned array, and automatically loading 
the top chip to close the liquid cell (for details see Section�S�, 
Figures S��S�, and Movie S�, Supporting Information).[��,��] 
Thus, accurate liquid volume control and reproducible liquid 
cell assembly can be achieved. However, we found it chal-
lenging to deposit less than �� nL water onto the hydrophilic 
bottom chip (contact angle ��� ��), while keeping the cell wet 
before being imaged in the TEM. Hence, we can conclude that 
by this direct loading strategy, State II is always obtained with 
the excess liquid being in the chamber. However, it is impor-
tant to note that sometimes we can directly achieve an inward-
bulged cell by using the SciTEM to load � �� nL water due to 
unavoidable liquid evaporation during the cell assembly pro-
cess (Figure S�, Supporting Information).

To transform State II to State III, one needs to evaporate 
liquid present between the two chips, leading to control over the 
formation of a concave meniscus (Figure��). At equilibrium, the 
meniscus curvature can be described by Kelvin�s equation:[��]

2
R ln( )K

mr V
T RH

��  (�)

where rK is the Kelvin radius, Vm is the molar volume liquid 
(e.g., for water, �� � �����kg m��), RH is the relative humidity, 
R is the universal gas constant (�.��� J mol�� K��) and T is the 
Kelvin temperature. If rK is smaller than r (the actual radius of 
curvature in Equation�(�)), liquid meniscus equilibrium cannot 
be obtained and consequently, the liquid will evaporate. In 
LP-(S)TEM experiments, rmin�� t�at/�, and assuming RH is ��% 
in the liquid cell, rK is � ���nm. Since in most cases, rmin�� rK, 
a concave meniscus will form, and the liquid will evaporate. 
Therefore, altering the humidity in the liquid cell should be an 
e�ective way to tune the meniscus curvature.

As illustrated in Figure��, when the RH is controlled (either 
by �owing dry air into the cell, and/or by drying the excess 
liquid �rst before assembling the cell), a curved gas-liquid 
interface appears. Importantly, during evaporation, the curved 
gas-liquid interface might be pinned to the edge of the chips 
(Figure� �b�d). The radius of curvature is prone to decrease 
with time until the meniscus escapes the pinning positions 
(Figure��e). During this process, PLap keeps increasing, leading 
to a decrease in Pinter (Equation� (�)), therefore no outward 
bulging (Figure��c) but inward bulging membrane (Figure��d,e) 
is expected. However, it is di�cult to predict how long this 

process will take in such a small con�ned space and which 
state we have in the experiment (Figure��f). It strongly depends 
on the surface homogeneity of the chip, the morphology at the 
edge of the chip, and the contact angle of the system.

To prove our point, we demonstrate how a trapped droplet 
between the chips could be slowly evaporated over time 
(Figure��). To this end, ��� nL of pure water was �rst loaded 
into the cell by a pipette before the liquid cell assembly, thereby 
a droplet was encapsulated in the cell with excess liquid located 
in the surrounding chamber (Stage II, Figure� �a). The slow 
drying experiment was conducted by connecting the inlet 
tubing of the LP-(S)TEM holder to a pressure pump (Fluigent, 
Germany), which continuously supplied dry air at a constant 
overpressure (�.�� bar, relative� to� the atmospheric pressure), 
while the outlet tubing was kept open to the ambient pressure. 
The in situ LP-TEM images (Figure��a, Movie S�, Supporting 
Information) and the corresponding intensity pro�le changes 
of the diagonal line across the window (Figure��b) show within 
three minutes that the liquid cell experienced outward bulging 
(t� � t�) to nearly no bulging (t� � t�� � �.�� min). Eventually, an 
inward-bulged cell (t� � t�� � �.�� min) was obtained, consistent 
with what has been described in our model (Figure� �). More 
speci�cally, it was observed that the thickness of the central 
window area, tliquid, changed from approximately ���� nm to 
close to ��nm (Figure��c), providing a large thin area for high-
resolution imaging. Here it is important to note that the inward 
bulged cell could gradually transform back to the standard out-
ward-bulged cell after the dry air�ow was stopped (Figure��d�f, 
Movie S�, Supporting Information), but this recovery process 
was ten times slower than the evaporation process. It was also 
found that the t�at decreased from ��� to ���� nm during the 
evaporation, and increased back slowly when there was no 
evaporation (Figure S�, Supporting Information), which we 
believe is related to the capillary condensation.

To illustrate how the signal-to-noise ratio of a real sample 
evolves upon changing the liquid thickness we measured 
���nm gold nanoparticles. While in thin liquid layers the parti-
cles are readily observed even at very low doses (�.� e� ¯�� s��), 
in thick liquid layers they can be hardly seen. Further details 
can be found in Section S�, Supporting Information.

�.�. Rapid Dynamic Control of Pressure and Liquid Layer Thickness

Recently, it has been shown that the liquid thickness in LP-(S)
TEM can be signi�cantly reduced in dependence of the static 
reduced pressure equally applied to both holder inlet and outlet 
via dry tubing functioning as vacuum lines.[��,��] Instead, our 
method uses liquid-�lled tubing and independent pressure 
control for inlet and outlet via two pressure pumps which are 
required for realizing �ow. We show how pressure cycling 
gives rise to rapid dynamic control over liquid thickness, thus 
providing an additional adjustable parameter for experiment 
design. Rapid dynamic control over liquid thickness is of key 
importance, in particular in bypass liquid cell systems, as it can 
help to overcome con�nement problems such as di�usion limi-
tations[��] or hindered Brownian motion.[��]

Here we demonstrate dynamic control over the liquid layer 
thickness using pressure pumps (Fluigent, Germany) that 
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modulate Pinter while the liquid thickness was continuously 
mapped (Figure��, Movie S�, Supporting Information) via the 
above method. The pressure pumps allow us to rapidly con-
trol the inlet and outlet pressure as well as the �ow rate, there-
fore Pinter can be programmed in a controllable way. In the 

experiment, pure water was �own at a rate of �.���.���L min�� 
through the tubings of the liquid cell holder (State I, Pinter� � 
Pexter) and the inlet pressure was cycled between �.� and �.��bar 
(absolute pressure, unless stated otherwise), while the outlet 
pressure was simultaneously cycled between �.� and �.��bar. In 

Figure �. Reversible transformation of a liquid cell containing water from outward to inward bulging via slow evaporation. a) TEM image sequence 
(�-frame-average) showing the outward-to-inward bulging transition (Movie S�, Supporting Information). b) Intensity pro�les and c) the corresponding 
thickness pro�les taken from the diagonal dashed line across the viewing area shown in (a). Here t� indicates the time when the dry air started to 
�ow into the LP-(S)TEM holder. d) TEM image sequence (�-frame-average) showing the inward-to-outward bulging transition (Movie S�, Supporting 
Information). e) Intensity pro�les and f) the corresponding thickness pro�les taken from the diagonal dashed line across the viewing area shown in 
(d). Here t� marks the time when the �ow was stopped and both inlet and outlet tubings were opened to the lab environment at atmospheric pressure. 
Scale bars: ����m.
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total, two cycles were performed to switch Pinter between �.� to 
�.��bar. This resulted in tliquid in the viewing area being repeat-
edly modulated from approximately ��� to ����nm (Figure��a�c, 
Movie S�, Supporting Information). This proves that tliquid can 
be reduced by approximately ��% when Pinter is reduced to 
�.��bar. During the pressure cycling, both tbulgC and t�at changed 
simultaneously (Figure� �d,e), with tbulgC responding more 
strongly than t�at (Figure� �e). Interestingly, when the lowest 
pressure (�.�� bar) was applied (State �, �, and �, Figure� �e), 
tbulgC decreased to approximately ��� nm only at a total liquid 
layer thickness of ����nm. This means that in this state bulging 
e�ects nearly disappeared and the window area was basically 
�at, a much-desired situation in LP-TEM as the resolution is 
now constant throughout the entire viewing area.[��,��]

As shown above, in most cases tliquid is thus determined 
by t�at, which means that changes of t�at lead to variations of 
the liquid volume that is present in the liquid cell. Therefore, 

pressure cycling of the liquid cell is similar to �breathing�, 
whereby water is brought in (t�at increases, State ��� or State 
���) and �ushed out (t�at decreases, State ��� or State ���) 
repeatedly. Following the results shown in Figure �f, the 
liquid cell takes up a liquid volume of �.�� nL (State ���) and 
�.�� nL (State ���) when the maximum pressure is applied, 
and in contrast, the liquid cell expels a liquid volume of �.�� nL  
(State ���) and �.�� nL (State ���) when Pinter reaches the 
lowest pressure. As an aside, we note that the expelled volume 
in each cycle is always slightly larger than that of the volume 
taken up. The above observations bring us to a rather impor-
tant point. As was calculated before, a ����nm thick liquid cell 
contains �.�� nL liquid. Assuming that the in and out liquid 
volume in each �breathing� action is the same, say, �.�� nL, 
and that the liquid mixes immediately in the cell, � ��% of the 
solution in this liquid cell will be refreshed after �� �breathing� 
actions. Rapid dynamic control of liquid layer thickness is of 

Figure �. Rapid dynamic control of liquid layer thickness during external pressure cycles. a) Liquid thickness maps at di�erent absolute pressure 
settings during the liquid �ow in dynamic mode. b) Liquid thickness maps at di�erent pressure settings in the range of �.� to �.��bar in static mode.  
c) Dynamic modulation of Pexter and resulting liquid layer thickness in the center (tliquid). d) t�at and tbulgC changes with Pexter in (c) over time, where 
States ��� represent the period with di�erent Pexter. e) Averaged t�at and tbulgC at di�erent periods (States ���). The black and red dashed lines indicate 
the averaged t�at (����nm) and tbulgC (���nm) at ��bar pressure, respectively. f) Calculated liquid volume going in and out of the cell at di�erent periods. 
g) t�at and tbulgC changes with Pexter in the static mode. h) Comparison between liquid volume changes with Pexter in the static and dynamic mode. The 
displayed tliquid values are calculated as mean thickness from a square area of �� by �� pixels in the center of the window, and t�at values are averaged 
by four square areas of �� by �� pixels in the four corners.
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