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Graphene Gas Osmometers
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Abstract. We show that graphene membranes that separate two gases at
identical pressure are deflected by osmotic pressure. The osmotic pressure is
a consequence of differences in gas permeation rates into a few-layer graphene
enclosed cavity. The deflection of the membrane is detected by measuring the
tension-induced resonance frequency with an interferometric technique. Using
a calibration measurement of the relation between resonance frequency and
pressure, the time dependent osmotic pressure on the graphene is extracted.
The time-dependent osmotic pressure for different combinations of gases shows
large differences that can be accounted for by a model based on the different gas
permeation rates. In this way, a graphene-membrane based gas osmometer with
a responsivity of ~60 kHz/mbar and nanoscale dimensions is demonstrated.
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1. Introduction

Graphene, a single layer of sp?>-bonded carbon atoms [1], is impermeable to gases [2].
However, when pristine graphene is suspended over cavities in silicon dioxide, non-zero
permeation rates between the cavity and the environment have been measured [2]. The
permeation rate was found to depend on the type of gas even in pristine samples [3]
and graphene enclosed cavities can therefore be selectively-permeable. The leakage
between the cavity and its environment can be attributed to slow permeation through
the silicon dioxide layer [2, 4] or along the graphene-oxide interface. In addition,
selectivity has also been measured in thinly layered graphene membranes [5].

When a selectively-permeable membrane separates different gases, osmotic gas
flow causes a pressure difference across the membrane which is defined as the osmotic
pressure [6]. The high Young’s modulus [7] and low bending rigidity of graphene cause
a large pressure-induced frequency shift and deflection, which is beneficial for several
types of pressure sensors|8, 9, 10]. In this work we combine the selective leak rates that
graphene-sealed cavities can exhibit with the excellent responsivity that suspended
graphene membranes show when subjected to a pressure difference. We use graphene
enclosed cavities which are selectively permeable to demonstrate osmotic pressure
sensing for several combinations of gases, creating a nanoscale osmometer. Due to
osmosis between the cavity and environment, it is observed that a pressure difference
builds up over the membrane, even though the pressure on both sides is equal at the
start of the experiment. This shows that these systems respond to changes in gas
composition in the environment.

We start this paper by explaining the fabrication used to seal cavities with
graphene, followed by a brief description of the measurement setup and the calibration
procedure (Section 2). Section 3 explains the experimental protocol that was used
to measure the time-dependent osmotic pressure. The results obtained from this
procedure are presented in Section 4, followed by a discussion of the results (Section
5). The main findings of the work are summarized in the conclusion (Section 6).

2. Fabrication and calibration of osmometers

Graphene membranes are suspended over cavities etched in thermally grown silicon
dioxide. A schematic device cross-section is shown in Fig. la. A few-layer graphene
flake with varying thickness is exfoliated from natural graphite. The flake is transferred
by a deterministic dry-transfer method [11] to enclose cavities with a diameter of 3
pm (Fig. 1b—e). It is found that such a device creates a selectively permeable system,
without any further processing necessary.

The pressure difference accross the membrane can be determined using the
membrane’s resonance frequency [2, 3, 9], measured by the interferometric setup shown
in Fig. 2a [12, 13]. A modulated blue laser provides opto-thermal actuation, while
a red laser is used for interferometric readout of the deflection. A vector network
analyzer (VNA) probes the mechanical frequency response of the membrane (Fig.
2b). The sample is mounted in a vacuum chamber with optical access and a dual
valve pressure controller is used to keep the pressure in the chamber (peyt) constant
throughout the experiment. A line to the vacuum pump is connected to the chamber
with a flush valve. The gas in the chamber is changed by switching the gas supply line
and opening the flush valve. A needle valve restricts the flow to minimize pressure
drops between the controller and the chamber. This prevents membrane deflections
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Figure 1. a) Schematics of a graphene-based osmometer. b) Optical image of
the graphene resonators presented in this study in Fig. 5. c¢) Optical image of the
graphene resonators presented in Fig. 6. d) Atomic force microscopy (AFM) trace
corresponding to Fig. 1b, showing that the graphene resonator has a thickness
of about 1.8 nm. e) AFM trace corresponding to Fig. 1c; these drums have a
thickness of approximately 5 nm.
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Figure 2. a) Laser interferometer setup (left hand side of the figure) used to
detect the resonance frequency and the vacuum chamber with the most important
components for flushing the system at constant pressure (right hand side of the
figure). b) Example of the measured frequency response, a harmonic oscillator
response is fitted which gives a resonance frequency of 36.9 MHz.
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Figure 3. Calibration method to extract the relation between pressure difference
and frequency. This figure shows the calibration point for —200 mbar (point A)
and +200 mbar (point B) for drum 3. a) Resonance frequency versus time when
the external pressure is varied as shown in figure b). c) The calibration curve
for drum 3 resulting from the calibration procedure; the hexagon represents the
calibration point of the relaxed membrane at a pressure difference of zero and
Pext = 0.

due to changes in pext.-

Previous methods to extract the pressure difference from the resonance frequency
of the membrane rely on the knowledge of the mechanical properties as mass and
Young’s modulus and the application of equations governing the membrane behavior
[2]. To improve the accuracy of determining the pressure difference over the membrane,
we employ a calibration procedure (Fig. 3) from which the relation between pressure
difference and resonance frequency is directly determined. The procedure works
as follows; first, the membrane is kept in pexy = 0 until the pressure difference is
relaxed, which gives the first calibration point (yellow hexagon in Fig. 3c). By
increasing the pressure in the chamber rapidly, the membrane will deflect downwards
and therefore the pressure difference becomes negative. The immediate change in
resonance frequency gives a calibration point at negative pressure (Fig. 3, point A).
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Due to the gas leakage, the pressure over the membrane will equilibrate, the frequency
is measured at this point to quantify the squeeze-film effect (see Supplementary
information). After this, the chamber is rapidly evacuated to pexy = 0. Since the
membrane will deflect upwards in that case, a calibration point for positive pressure
difference is obtained (Fig. 3, point B). By repeating this procedure for different
pressures, the relation between frequency and pressure difference is obtained as shown
in Fig. 3c. Using this relation the time-dependent osmotic pressure can be determined
in the experiments, without having to rely on knowledge of the mechanical properties
of the graphene membrane itself.

It is important to note that from Fig. 3c, it is observed that the minimum in
frequency does not correspond to a pressure difference of zero, but is shifted towards
negative pressure differences and is around -100 mbar in this case. This is not in
agreement with conventional theory which predicts a symmetric response around
Ap = 0. The cause of this effect is unknown, however we take advantage of this effect
since it allows us to distinguish between positive and negative pressure differences
as shown in section 4. From the calibration curve, it is further concluded that this
graphene-based osmometer has an average responsivity of approximately 60 kHz/mbar
over the entire pressure range.

3. Experimental procedure

In the experiment, the gas outside the cavity is changed, while the pressure outside
the cavity pext is kept constant. Deflections of the membrane due to external pressure
changes are avoided and changes in the pressure difference Ap = piny — pPext across the
membrane should be attributed to changes in the internal pressure pjns.

Figure 4a shows the measurement procedure for studying the time dependent
osmotic pressure across the membrane. The sample is kept for a long time (at least
1.5 hours) at a constant pressure in gas 1 (red), such that the internal and external
pressure equalize pext = pint (Fig. 4al). The external gas 1 is replaced by gas 2 (green
molecules) while keeping the pressure pext constant (Fig. 4a2,3). This replacement is
done rapidly to ensure that gas 1 remains present in the cavity at the same partial
pressure as gas 2 in the vacuum chamber (pi iny = P2.ext)- If the leak rate of gas 2 is
higher than that of gas 1, gas 2 has a higher flux into the cavity than gas 1 flows out
of it. Since the pressure inside the cavity is the sum of the partial pressures of gas 1
and 2, a positive pressure difference Ap arises that is the osmotic pressure (Fig. 4ad).
Subsequently, gas 1 will leak out of the cavity at a slower rate (Fig. 4a5) until gas 1
fully disappears and the pressure difference returns to zero Ap = 0 (Fig. 4a6).

In a subsequent measurement gas 2 can be replaced by gas 1 in a similar manner
which leads to the sequence shown in Fig. 4d. The main difference is that in this
case a negative pressure difference Ap arises. Since the gas leakage has an exponential
time dependence (see Supplementary Information) the pressure difference versus time
Ap(t) can be expressed by the partial pressure differences (Ap; and Aps) for each

gas as a function of time: Ap; = poe */™ and Ap, = —ppe~*/™. Combining these
equations gives for the total pressure difference:
Ap(t) = Apy + Apy = po(e™ /™ — e71/72), (1)

where pg is the constant pressure in the environment, 7; » are the leak-time constants
inversely proportional to the permeability of gas 1 and gas 2, respectively. The
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Figure 4. a) Measurement sequence when replacing gas 1 (red) with a large leak
time constant 71 by gas 2 (green) with a short leak time constant 72. b) Time
dependent partial pressures differences Appart of both gases and the total osmotic
pressure Ap as described by eq. (1) for the measurement sequences depicted in
Fig. 4a. c) Partial pressures and total osmotic pressure for the sequence in Fig.
4d. d) Measurement sequence when replacing gas 2 with a short leak time constant
T2 by gas 1 (red) with a long leak time constant 7.

expected time dependence of the osmotic pressure Ap between two gases 1 and 2
with leak rates 75 and 7 as described by Eq. (1) is depicted in Fig. 4b,c.

4. Results

Figure 5 shows the results of an experiment where nitrogen gas was replaced with
argon gas and vice versa, at a constant chamber pressure of pexy = 1000 mbar. The
resonance frequency is found by fitting the data to the frequency response function
(Fig. 2b), which in turn yields the time-dependent resonance frequency. To extract
the osmotic pressure from the experiment, we use the frequency-pressure difference
relation shown in Fig. 3c.

Figure 5a,c show the intensity plots of the frequency response function as function
of time. White points indicate the resonance frequencies determined by the fits. The
strong difference between the two curves is a consequence of the shifted calibration
curve, which allows us to distinguish between positive and negative osmotic pressure.
From Fig. 5a we can therefore conclude that argon was permeating into the cavity
faster than nitrogen could escape, creating a positive pressure difference. In Fig.
5c, the frequency passes through a minimum twice; a clear indication that a negative
pressure difference has formed over the membrane. In this case, argon was escaping the
cavity faster than nitrogen could enter. From the time dependent resonance frequency
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Figure 5. Measurement of the osmotic pressure between argon and nitrogen
for drum 3 (Fig. 1b). a) Intensity plot of the frequency response function when
nitrogen is replaced by argon in the chamber. White points show the extracted
resonance frequency obtained from the fits. b) Osmotic pressure extracted from
the experiment in Fig. 5a, fitted by a time-shifted version of eq. (1). c) Intensity
plot of the reverse experiment, where argon gas was replaced by nitrogen. d)
Extracted osmotic pressure from the experiment in Fig. 5c. The fit from Fig. 5b
is plotted with opposite sign.

and the calibration curve in Fig. 3c, the time dependent osmotic pressure can be
extracted as shown in Fig. 5b,d. Equation 1 (adapted to include a time shift between
the start of the measurement and the gas being replaced) is fitted against the data in
Fig. 5b to extract the leak time-constants of the gases [14]: v, = 19 s and 74, = 8 s.
The osmotic pressure as a function of time from this fit is plotted in Fig. 5d in good
correspondence to the measurement result of the reversed experiment. This agreement
between both experiments demonstrates that the osmotic pressure reverses sign when
interchanging the gases in the experiment.

Figure 6a shows the experimental osmotic pressure versus time for different gas
combinations, extracted using the same method as in Fig. 5 but on a different drum.
Experiments were carried out with helium, argon, carbon dioxide and nitrogen gas.
Equation 1 is fitted to all the 6 osmotic pressure curves to extract the leak time
constants as shown in Fig. 6b. A factor of 10 difference is observed in the leak
time constant of helium compared to that of nitrogen gas. Also, the time constant of
nitrogen is higher in these samples than the thinner sample shown in Fig. 5. Besides
thickness, the presence of crystal defects and wrinkles might be reponsible for the
observed leak rate differences.

5. Discussion

It is important to note that the presented experiments cannot determine the exact
leakage path of the gas molecules into the graphene cavity, although the results do
allow to exclude some possible causes. If pores are present that are much larger than
the molecular size, Graham’s law for effusion predicts leakage rates to be proportional
to the square root of the molecular mass (7 /7 o /M /Ms). However, it is observed
that carbon dioxide and helium have almost the same leak rate, despite their large
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Figure 6. a) Measurement sequences as in Fig. 4a for 6 different gas combinations
on a 5 nm thick drum (Drum 1) measured at 500 mbar. b Leak time constants
7 extracted for 4 different gases using the fits in Fig. 6a using two different 5
nm thick drums. Drum 2 is measured at 1000 mbar. An optical image of both
drums is shown in Fig. 1lc. ¢) Normalized leak rates calculated from the leak time
constants in Fig. 6b.

difference in molecular mass. On the other hand, carbon dioxide has a larger mass
than nitrogen, but a lower leak rate, again inconsistent with Graham’s law for effusion.
From this, we conclude that in this study the leakage is not dominated by effusion
through pores slightly larger than or comparable to the molecular size of the gases.
For example, permeation across pores much larger than the gas molecular dimension
but smaller than the gas mean free path has been investigated by Celebi et al. [15],
who found that Graham’s law does hold true in that case.

Looking at the leak rates for the different gases in Fig. 6b, it is found that they
follow the order of the kinetic diameters d of the gases: (dge = 260 pm, dco, = 330
pm, da, = 340 pm, dn, = 364 pm). Thus, gases with a kinetic diameter larger than
~330 pm have a lower leak rate than gases with a kinetic diameter smaller than ~330
pm as shown in Fig. 6c. This kind of selectivity in leak rates is similar to the one
observed by Koenig et. al. [3] in pristine graphene, although the leak rates observed
here are higher. Other research [5] suggests transport could take place between the
layers, also resulting in selective gas transport.

If the gas selectivity of the graphene enclosed cavities can be understood and
engineered to a larger degree, for example by creating pores of controlled size
[3, 16, 17, 18, 19], multiple semi-permeable membranes can be used for gas analysis.
This can be achieved by filling these systems with a known gas and subsequently
monitoring their time dependent osmotic pressure while exposing them to an unknown
gas mixture.

In this work we show results of graphene drums fabricated from natural
graphite. These samples showed relatively high lake rates, which allowed repeating
the experiment with different gases in a reasonable time span of a few hours. However,
in the Supplementary information we show that we can also measure osmosis between
cavities sealed by 31 layers of graphene fabricated from KISH-graphite and in cavities
sealed by single-layer graphene grown by chemical vapour deposition. These samples
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also show selective leakage without any processing necessary, demonstrating that our
method can be widely applied.

6. Conclusion

We have demonstrated osmotic pressure sensing with graphene enclosed cavities. The
osmotic pressure is a consequence of differences in the molecular leakage rate, which
reduces with increasing kinetic diameter, resulting in a spontaneous flux of gas against
the pressure gradient. Due to the high flexibility and Young’s modulus of graphene,
the responsivity of the graphene osmometer is as high as 60 kHz/mbar. We show that
these systems are thus able to detect changes of gas composition in its environment,
even when the pressure in this environment is kept constant.
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