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ABSTRACT: Two-dimensional polyaramids exhibit strong hydro-

[l Metrics & More ’ Q Supporting Information

52 5
¢ T

gen bonding to create molecularly thin nanosheets analogous to @ Wy

graphene. Here, we report the first nanomechanical resonators ’ o & | ©.2)
made out of a two-dimensional polyaramid, 2DPA-1, with ‘ ,’f ' 1.)q, o
thicknesses as small as 8 nm. To fabricate these molecular-scale m iy A

resonators, we transferred nanofilms of 2DPA-1 onto chips with
previously etched arrays of circular microwells. We then
characterized the thermal resonances of these resonators under
different conditions. When there is no residual gas inside the
2DPA-1-covered microwells, the eigenfrequencies are well-
described by a tensioned plate theory, providing the Young’s
modulus and tension of the 2DPA-1 nanofilms. With gas present, the nanofilms bulge up and mechanical resonances are modified
due to the adhesion, bulging and slack present in the system. The fabrication and mechanical characterization of these first 2DPA-1
nanomechanical resonators represent a convincing path toward molecular-scale polymeric NEMS with high mechanical strength, low
density, and synthetic processability.
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an rms surface roughness of 500 pm.u’22 Despite lacking

D l anoelectromechanical systems (NEMS) or nanomechan-
crystallinity, these films possess mechanical and gas barrier

ical resonators are evolving both in functionality and

form since the first NEMS devices etched out of silicon in the
1990s."”* An overarching research theme in the field has been
the exploration of different materials for NEMS. New materials
with extraordinary properties have allowed for superior
resonator parameters as well as the reduction of resonator
linear dimensions. NEMS made out of one- and two-
dimensional (2D) nanomaterials—with unique mechanical,
electronic, chemical, and optical properties—have opened the
door for devices with linear dimensions well below the limits of
lithography and functionalities well beyond those of semi-
conductors and metals.’™ So far, 2D NEMS have been
fabricated from a variety of 2D crystalline nanomaterials, such
as graphene,6 hexagonal boron nitride,” transition-metal
dichalcogenides,g’9 MXenes,"”'" and nanoparticles.n_14 Var-
ious polymeric materials have also been explored as mechanical
resonators' >~ *’—although these structures have typically
remained far from molecular scale thicknesses. Converging
these two approaches, i.e., creating molecular scale polymeric
NEMS analogous to 2D crystalline NEMS, would open up a
powerful new direction in the NEMS field.

Recently, a 2D polyaramid, called 2DPA-1,*' was synthe-
sized. Molecular-scale disks of 2DPA-1 form by polycondensa-
tion of melamine and trimesoyl chloride in solution and
assemble into aligned layers upon spin coating (Figure la).
Each molecular layer is ~3.7 A (= 370 pm) thick and stacks via
hydrogen bonding to form near-molecular-thickness films with
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properties that are closer to 2D crystalline nanomaterials, such
as graphene, than conventional polymers,”* and can be
transferred onto substrates just like graphene. In short,
2DPA-1 combines material properties of conventional 1D
polymers and 2D inorganic crystalline nanomaterials, such as
graphene; it also opens up a new class of 2D nanomaterials that
can be tailored to specific applications using the tools of
organic chemistry.””** Such tunability—for example, in gas
permeability or in the incorporation of functional groups—
could enable a wide range of future technologies requiring high
sensitivity and selectivity. This motivates an exploration of
various nanoscale devices that can be fabricated from these
new 2D polymeric materials. To this end, we report the
fabrication and measurement of the first nanomechanical
resonators made out of 2DPA-1. In addition to demonstrating
nanomechanical resonances, we determine the Young’s
modulus from the measured resonances; we also develop a
mechanical model for a membrane resonator partially adhered
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Figure 1. (a) Ilustration of an ideal 2DPA-1 monolayer with the molecular structure shown in the inset. (b) Optical microscope image of a typical
sample showing the edge of the 2DPA-1 film. Microwells are etched into the SiO, layer on top of a Si substrate. A 2DPA-1 film is then transferred
onto the chip through a wet process to create suspended membranes. The eight microwells on the left are not covered by the film. Scale bar = 20
um. The top right inset shows an illustration of the sample. The bottom right inset shows an AFM line scan across the edge of a 35-nm-thick film,
along the white line in the corresponding image. (c) SEM images of an intact (top) and a ruptured (bottom) 35-nm-thick membrane. The
suspended region is false-colored in orange, and the rest is colored in blue. Scale bar = 2 ym. (d) AFM line scans through the center of 35-nm-thick
circular membranes with a radius of 4.25 um at atmospheric pressure. The data were taken within 1 h after the membranes were removed from a
high-pressure chamber filled with nitrogen at S0 kPa (red) and 100 kPa (blue) above atmospheric pressure. Note the region adhered on the wall in

the red curve.

to walls and estimate the adhesion energy (between the
polymer and the substrate) from resonance frequencies of
membranes delaminating from the substrate walls.

Figures 1b and Ic respectively show optical microscopy and
scanning electron microscopy (SEM) images of our nano-
mechanical drum resonators. Here, 2DPA-1 films are trans-
ferred onto SiO, substrates via wet transfer.”' The substrates
have arrays of etched microwells with depths of g = 960 nm
and radii R of either 4.25 or 2.75 pm. In Figure 1b, the 2DPA-1
film partially covers the chip. The right insets show an
illustration (top) and an AFM line scan (bottom) across the
edge of the film. The SEM images in Figure 1c show an intact
(top) and a broken (bottom) membrane with R = 4.25 ym and
thickness h = 35 nm.

The samples in this study are measured in two distinct
pressure states: (i) nearly flat with very low gas pressure on
either side, and (ii) bulged with finite gas pressure p;, inside
the microwell and very low pressure p,,, outside. Although the
membranes are highly impermeable,”™ gas transport into and
out-of the microwell can take place through the interface
between the polymer film and the substrate.”>>’ When the
samples are placed in a high pressure gas chamber (p., = 120—
300 kPa), the gas leaks into the microwell through the
interface.”” Once the sample is transferred to a low-pressure
environment (vacuum chamber or atmosphere), the pressure
difference, Ap = p;, — Pexw across the membrane causes it to
initially bulge up. Figure 1d shows two AFM line scans of
membranes at atmospheric pressure shortly after removal from
a high-pressure chamber. When brought to atmospheric
pressure, bulged membranes gradually deflate on time scales
ranging from minutes to several years.”” If the samples are put
in a low pressure chamber (i.e., pe & 0), the gas inside the
microwell eventually leaks out, allowing the membrane to
deflate to a nearly flat state. When Ap = 0, the membrane may
be partially adhered to the inside wall of the microwell (Figure
Ic) in a stretched configuration with tension. If Ap is
increased, the membrane starts to delaminate from the wall
(Figure 1d), which typically introduces some slack.”*™*" We
analyze both states in systematic experiments below.

We first measure the Brownian motion, i.e., thermal
displacement fluctuations, of nearly flat membranes in vacuum.
We achieve the flat state by placing the samples into a chamber

maintained at a vacaum of ~1077 Torr (107 Pa) by an ion
pump, which results in p;, & p.. & 1077 Torr. The membranes
display detectable thermal resonances for the first few
eigenmodes (m, n) due to the relatively low dissipation with
resonance frequencies f,, and quality factors Q,,,. We use a
path-stabilized homodyne Michelson interferometer to meas-
ure the thermal resonances at an antinode of each mode.*!
Details of the measurement process can be found in the
Supporting Information. Figure 2a shows the power spectral
density (PSD) of the displacement fluctuations of the first four
eigenmodes of a membrane with R = 4.25 ym and h = 35 nm.
For m # 0, two nominally degenerate modes exist. If the
resonator geometry deviates from an ideal circle, the resonance
frequencies of these modes can split—as noticeable for the
modes (1,1) and (2,1) in Figure 2a. The split modes can be
clearly resolved by changing the angular position of the laser
spot on the membrane. We fit each peak with a Lorentzian
curve to determine f,, and Q,,,.

To analyze the eigenfrequencies, we turn to the equation for
the free transverse vibrations of a uniform circular plate under
tension with radius R, thickness h, density p, tension S, and
bending stiffness D, which is defined as D = mfi}iﬂ)
is the Young’s modulus and v is the Poisson’s ratio:

, where E

2
aY S VW =0
ot

R (1
Here, V* is the Laplacian operator in cylindrical coordinates;
V* = (V*)? and W(r, 0) is the displacement at (r, 6). The
coordinate r has been normalized with R such that 0 <r < 1. A
dimensionless tension parameter U, which is defined as U =
SR* _ 12(1 - v*)SR? .

o = g emerges from eq 1 with the plate and
membrane limits attained for U — 0 and U — o0, respectively.
Under clamped boundary conditions, eq 2 yields the resonance
frequency of each eigenmode as

2
a 1 a, “D
fo=m = s+
mn 27R\ ph R ()

The coeflicient a,,, corresponds to the nth root of

D o4
ph +FVW—
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Figure 2. (a) PSD of displacement fluctuations of the first four modes of a membrane with R = 4.25 um and & = 35 nm. (b) Resonance frequencies
fun for membranes with indicated R and h. The lines show the theoretical frequencies of the first four modes calculated using eq 2. (c) Young’s
modulus E and (d) tension S of the membranes shown in panel (b), as a function of thickness h. The dashed line and the shading respectively

indicate the mean and spread of data with the Young’s modulus being E = 11.2 + 8.8 GPa. (e) Dissipation constant

Jon

as a function of frequency

mn

for all measured modes. The shading highlights that éﬂ & f,u and the dashed line is a linear fit through the origin. (f) Quality factors Q,,, of all

mn

measured modes, as a function of 2DPA-1 thickness.

]m+l(a) Im+l(ﬂ) =0
J (@) L,(8) ©)

where J,, and I, are the regular and modified Bessel functions

of the first kind, respectively, and f = y/a* + SR*/D. As U

becomes large, e.g,, due to a large S or small h, the bending
term drops out of eq 1, yielding the membrane eigenfrequen-
cies

+p

U | S
fmn = o4l 7
2zR\ ph (4)
where @, is the n' root of the Bessel function J,,.””

Figure 2b shows the resonance frequencies of multiple
modes of membranes with different R and h. Each data point is
obtained by averaging measurements from 1 < N < 10
membranes on the same chip with the same linear dimensions.

Tables S1—S3 in the Supporting Information list all measured
fmn and Q,,,. For some membranes, not all modes could be
resolved due to low Q values and, in the case of smaller
membranes, small displacement amplitudes.

As long as the frequencies of two modes of the same
membrane are measured, we can find E and S by performing
error minimization in a parametric sweep."’l’g'4 For each
possible combination of E and S, we calculate a,,, from eq 3

and the theoretical eigenfrequencies fr(ntj from eq 2 for the first

four eigenmodes. We then minimize the error between the
experimental and theoretical frequencies as described in the
Supporting Information to find the E and S values. Figures 2c
and 2d respectively show the E and S values found from error
minimization. Returning to Figure 2b, the lines show the
theoretical f,,, based on the mean E and S values for a given R
and h; the agreement is very good. The values for E, S, and U,
as well as the number N of resonators measured for each
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combination of R and h are listed in Table 1. The resonators
with & = 65 nm have large error bars for E and S due to the

Table 1. Radius (R), Thickness (h), Young’s Modulus (E),
Tension (S), and Nondimensional Tension Parameter (U)
of the Resonators in Figures 2b—d“

R X h [ym X nm] E [GPa] S [N/m] U N
425X 8 25.58 + 6.40 0.18 + 0.05 3% 10° 6
425 %x 15 8.42 + 0.28 0.39 + 0.01 3% 10° S
425 X 35 8.44 + 3.55 1.37 + 0.02 8 x 107 10
425 X 65 18.07 + 8.06 226 + 1.09 9 x 10 3
2.75 X 35 8.80 + 1.40 141 + 0.04 4 x 10* 3
2.75 X 65 8.20 2.20 9 x 10!

“The data are from N different resonators on the same chip.

small sample size. For the resonators with h = 8 nm, the
rigidity term in eq 2 becomes small compared to the tension
term, thus making the tension term dominant and the estimate
for E error-prone. In summary, we find the average value E =
11.2 + 8.8 GPa, which is in good agreement with E = 12.7 +
3.8 GPa obtained from nanoindentation measurements.”’ We
also extracted E and S using a different approach but arrived at
similar values, as described in the Supporting Information.
Figure 2e shows the dissipation constant, f"’”, for all the

measured modes. Even though there is spread in the data from
different modes and devices, the dissipation constant seems to
increase linearly with frequency, indicating that Q,, is
frequency-independent. It has been argued® that surface and
bulk dissipation respectively result in Q factors that should
scale as Q o h and Q « constant. In an effort to observe one of
these trends, we plot all Q,,, data as a function of h (Figure 2f).
The thickest polymer devices appear to have the lowest Q
factors, although further experiments are needed for a
conclusive statement.

To gain more insight into the effect of wall adhesion and
delamination on the resonance frequency, we perform a second
set of experiments with bulged membranes. First, we describe
our model for the resonance of a bulged and partially adhered
membrane. The illustration in Figure 3a shows three snapshots
of the membrane cross-section along with the relevant
coordinates, including the experimental time coordinate. Our
mechanical model does not distinguish between inflating and
deflating membranes, and we prefer to describe the
phenomenon beginning with the final state (backward in
time). At its final flat state (Ap = p;, — pou = 0), the membrane
is readhered to the inner wall of the microwell at z = 0. The z,
level is selected such that the tension in the membrane
becomes zero if the membrane is flat at z,. As the membrane
separates from the wall starting at z = 0 toward z; due to Ap >
0, it maintains some of the initial tension and acquires some
additional tension due to the bulging, with J, being the bulge
height at the center, with respect to z = 0. When the
membrane is at z;, the tension is entirely due to bulging.
Further delamination causes a slack being introduced into the
membrane, which results in an increased §.. The tension in the
membrane in these regimes is derived from a spherical cap
model in the Supporting Information and can be summarized
as

§*(z")
z; forz*=0

for0 < z* < 2/

2,
(e = %) + 20 - 27

(z) = 2% + %(1 -2+ 25 - 2F) forz* >z

(s)
Here, we present the results in dimensionless form, where
S*(z*) = %Z;), with B = % being the biaxial modulus; the
4 _x _ z Z
Z TR R
Using S(z) in egs 3 and 2, along with E, p, v, and linear
dimensions provides the resonance frequency of the bulged-up
and delaminated membrane. We reemphasize that the model
does not depend on the direction of time.

In our readhesion experiments, the membranes are put into
a high-pressure chamber filled with nitrogen at p,,, = 200 kPa
for several days before being placed into the vacuum chamber
(pexe ® 0). We measure the fundamental resonance frequency
for and the quasistatic deflection field simultaneously as gas
leaks out of the microwell slowly as a function of time. The
deflection field is measured using full-field interferometry®
with the details given in the Supporting Information. In the
experiments, the membrane starts in a bulged-up and
delaminated state (Figure 3a left). As the gas leaks out of
the microwell, the membrane slowly deflates until the final flat
state is reached (Figure 3a, right). Figure 3b shows the
measured deflection J. at the center of a 35-nm-thick
membrane over time, which can be fitted with an exponential
decay function with two time constants. The asymptote
corresponds to a flat membrane (5. = 0, z = 0).

Figure 3¢ shows the measured J, and £, values for a 35-nm-
thick membrane, as a function of time. Also shown are the
calculated position z of the membrane on the wall, and the
tension S. The analysis is performed as follows. At the last data
point (t &~ 75 h), we assume z = 0 and determine S(0) from
the measured f, using eqs 2 and 3 with E = 12.7 GPaand v =

0.2. Then, we find the value for z; by using the expression
Bhz,
R
rest of the frequency measurements with 6. > 0 and z > 0. We

note that fy, depends on S through eqs 3 and 2; §, in turn,
depends on z, §, and z, through eq 5. Thus, we can determine
the z value for each f, based on the measured . and z,
(Figure 3c(1II)). The data points for z can be fitted with an
exponential function with two time constants, which, in turn,
allows us to generate continuous curves for other parameters.
With z, 8, and eq 5, we also determine the contributions of the
tension terms (Figure 3c(IV)) due to bulging (denoted as the
dashed line in Figure 3c(IV)) and due to wall adhesion
(continuous black line in Figure 3c(IV)).

Figure 3d shows the fundamental frequencies f,, of 12 35-
nm-thick membranes, as a function of 6. The continuous
curves are found from the model as described above, but
plotted as a function J. instead of time. The respective
contributions of the two tension terms are shown in Figure 3e.
The sudden change in the slope of the bulging plots occurs at z
= z; when slack is introduced to the system. Figure 3f shows
the quality factors Qg of the same 12 membranes. As the
membranes deflate, Qg increases due to decreased gas
damping and increased tension due to adhesion.

. . * *
dimensionless length scales are &, = ,and z; =

= §(0). Once z, is found, we work our way through the
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Figure 3. (a) Ilustration of a membrane at different stages of bulging. Note the time coordinate of our experiments. When Ap = 0 (right), the
membrane is flat at z = 0 and stretched. For Ap > 0 (middle), the membrane is adhered to the wall to position z > 0 and bulges up by 5. — z. For z
> z; (left), slack is introduced. Note that the illustration is not to scale; in the experiments, z < §,. (b) Measured center deflection &, for a 35-nm-
thick membrane with R = 4.25 pum over time. The J. = 0 line corresponds to the flat membrane at z = 0. The inset shows interferograms at
wavelengths of 440 nm (blue), 540 nm (green), and 600 nm (red) for different &, as indicated by the arrows. (c) Time-dependent &, f,, 2, and
tension S for a 35-nm-thick membrane. The shown values for z are calculated from measurements. The fit for z is an exponential function with two
time constants, which is used to calculate the continuous curve in the frequency plot. The dashed line corresponds to the delamination length z,
below which there is no slack. The total tension S (blue line) is comprised of a component due to bulging (black dashed line) and one due to wall
adhesion (black solid line). The shading indicates the region of slack in the membrane. (d) Experimental data (symbols) and fits (lines) for fo, as a
function of &, for 12 35-nm-thick membranes, including the one in panel (c). The shaded regions indicate the range where slack exists in the
membrane. (e) Tension components caused by bulging and wall adhesion as a function of 5, with the symbols representing the calculated tension
at z = 0. (f) Quality factors Qy, as a function of §.. (g) Pressure Ap in the regime without slack (z < z,), as a function of §.. The symbols represent
the pressure at z,.

Next, we estimate the pressure inside the microwell by dw  df  dE 0
focusing on the regime without slack (0 < z < z;). In this dz + dz + dz (7)
regime, Ap = p;, — Pout ¥ Pin and can be determined as
3 16 ) where all z derivatives are evaluated at z = 0. Here, 2 is the
Ap = B8 - 2%) x | =(8" = 2" + 4(2] - %) + ——1* dz
3 3(1+v) incremental work done by the gas inside the microwell on the
(6) membrane, F; is the strain energy stored in the membrane, and
. . . aw
where 1* = %. The derivation for eq 6 can be found in the F, is the free energy of adhesion. Figure 3g shows that e

Supporting Information. Figure 3g shows Ap as a function of —Ap %’ ~ 0, with V}, being the volume of the bulge, because

-

Finally, the energy of adhesion of the membrane to the Ap ~ 0 at z = 0. The strain energy is entirely due to the

. .37

substrate can also be estimated, but only at the limit of a flat tension caused by wall adhesion,

membrane, ie, z & 0. At equilibrium, the total free energy ~ nBh N

change is E(z) = 7Bh(z, - z) (8)
E https://doi.org/10.1021/acs.nanolett.5c04440
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dE, . . .
and = 27RI" where I is the adhesion energy per unit area.

Thus, in the limit of z & 0, this free-energy model simply yields

= Bh% = 5(0). We find the average value of I" = 0.29 + 0.04
]/mz.

The value for S(0)—and, therefore, I'—is lower for the
deflating membranes (Figure 3e), compared to those that were
never bulged by pressurization (Figure 2d). This observation
can be explained by the history dependence of the separation—
adhesion process: hysteresis has been observed in separation—
adhesion experiments on other 2D materials, where the energy
of separation is significantly larger than the energy of
adhesion.”® In our experiments on deflating membranes
(Figure 3), we essentially measure the energy of readhesion
of a membrane that was previously adhered to the substrate
and then separated. The data in Figure 2 are on membranes
that were never separated. It appears that after separation, the
membranes do not adhere as strongly, leading to smaller values
of tension in their final states. Consistent with this, the deflated
membranes in Figure 3f exhibit lower Q, values at §. = 0,
compared with flat membranes of the same radius and
thickness that were never pressurized (Figure 2f). Because of
higher tension, the resonance frequencies in Figure 2b are
typically higher compared to those in Figure 3d, which also
results in higher quality factors due to dissipation dilution.”

We assume that equilibrium exists as the membranes
readhere to the sidewalls of the microwell in the deflation
experiments of Figure 3. Here, we take a continuum view of
the polymeric material, even though there may be rearrange-
ments in the molecular-scale disks making up the membrane,
leading to entropy changes. This is unlike the situation in 2D
crystalline materials, such as graphene, and makes the
equilibrium in the system more interesting from a fundamental
perspective.

In conclusion, we have explored the device possibilities of a
novel 2D material, 2DPA-1, by fabricating and measuring
nanomechanical resonators with molecular thicknesses; we
have also extracted its material properties and developed
complex nanomechanical resonance models with slack and
adhesion. Our I" value for the adhesion of 2DPA-1 on SiO, is
close to those reported for 2D crystalline materials, such as
graphene®’ and MoS,.** The Young’s modulus of 2DPA-1, on
the other hand, is 1—2 orders of magnitude smaller.*** Tt
remains an open question whether other properties of 2DPA-1
match conventional 1D polymers or crystalline 2D materials.
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