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New organic actuating materials
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Preservation of thermosalient
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Rapid mechanical response driven
by thermal changes for actuation/
sensing

In this work, Mahmoud Halabi et al. integrate soft organic crystalline thin films with
rapid responsiveness to thermal conditions as active elements in hybrid devices,
thereby combining thermomechanical and piezoelectric properties to enhance
actuating and sensing capacities of microdevices.
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SUMMARY

The state-of-the-art microelectromechanical systems (MEMSs) tech-
nology faces challenges in meeting the requirements of the next
decade regarding improved performance, functionality, and power
consumption, which can be addressed by resorting to new actuating
materials. Dynamic molecular single crystals have been explored as
actuating elements; however, difficulties with control over the ge-
ometry and fabrication of these materials has limited their scalabil-
ity and application. Here, we present dynamic molecular crystals
driven by thermosalient phase transitions as alternative materials
in MEMSs technology with swift and amplified mechanical response.
This work employs a thermally deposited stable polycrystalline
thin film of L-pyroglutamic acid to fabricate a prototypical thermo-
salient organic crystal-MEMS (TS-OC-MEMS). The organic thin film
undergoes a reversible and cyclable martensitic phase transition
that drives the deformation. The TS-OC-MEMSs provide a reliable
and scalable solution to utilize dynamic molecular crystals in robust
applications and circumvent the challenges that have long stifled
their application as actuating materials.

INTRODUCTION

Molecular crystals, composed of covalently bonded light atoms that form discrete
and highly ordered molecules bound through intermolecular forces, exhibit me-
chanically responsive properties that have increasingly positioned them as moder-
ately soft smart materials with a promising actuating potential. The utility of the
unique properties of dynamic molecular crystals in practical applications has
been recently demonstrated in dynamic cantilevers,’? ratchets,” optical wave-
guides,”"" and shape-shifting and gear-like elements.’” However, most of these
applications remain on a small scale, are built ad hoc, and usually serve as a proof
of concept that underpins the ability of dynamic molecular crystals to convert en-
ergy into work. Organic crystals have also been explored for their electrical and
fast switching properties in cross-wire circuits and nanowires,'” electrical photo-
or thermo-switching circuitry,'® organic transistors, and diodes.'®™"” Additionally,
the responsive and flexible structures of molecular crystals have also been studied
as gas and vapor sensors,'? ionizing radiation and X-ray detectors,’” and organic
photosynaptic and optical sensing devices.”” Organic crystals have been studied
for their unique electromechanical properties and considered as alternative mate-
rials in flexible, wearable, and disposable electronics and semiconductor applica-
tions.”"*? Despite the plethora of attempts to utilize the combination of unique
optical, thermal, electrical, and mechanical properties of molecular single crystals,
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regrettably, most of these applications have not yet materialized into robust and
functional devices.

Aside from the lack of proper performance characterization, some of the main pitfalls
in introducing molecular crystals into applications lie in the repeated over-focusing
on these structures as stand-alone elements in the related reports. Difficulties with
establishing reproducible crystallization procedures with predictable and standard-
ized crystal habits (characteristic external shape of a crystal) and sizes, lack of
compatibility in mechanical properties when coupled with other more rigid compo-
nents, and significant proneness to fatigue and wear over multiple cycles and pro-
longed usage all stand in the way of implementing molecular single crystals as
reliable actuating elements in devices. The so-called salient effects that can be
induced by heat, light, or pressure are a collection of mechanical effects exhibited
by some molecular crystals that are usually observed as rapid self-propulsion, splin-
tering, or even explosion that leads to complete disintegration. These effects, now
documented in over 30 molecular crystals,”>" are considered the fastest mechan-
ical response and the most robust exhibition of actuation of ordered organic
solids.>” The transformations are sufficiently fast to generate acoustic signals as
shock waves through the crystal that can be detected and analyzed.*® The capacity
of the salient solids for rapid locomotion or blasting is due to fast martensitic transi-
tions in their structures,”® which are preceded by lattice softening.’® These transi-
tions nucleate at high thermally induced stress sites and propagate through the
crystal structure in a diffusionless manner. The progression of the phase front occurs
on a scale of a millisecond or faster.?® Given the speed of transformation, the resul-
tant elastic energy induced by the accumulated molecular strain at a certain
threshold can no longer be effectively dissipated throughout the crystal structure
while allowing the rearrangement of molecules into a coherent crystal packing. In
cases where the reconfigured molecules fail to re-establish a strong network of inter-
molecular interactions, the integrity of the crystal is usually compromised, causing its
shattering or disintegration. This effect is particularly common with crystals that have
comparable dimensions along different crystal axes. Such crystals have lower surface
area per unit volume relative to their rod-shaped counterparts, further contributing
to the rigidity and hindrance of free molecular reconfiguration.

Electromechanical devices fabricated using advanced microscale and nanoscale
technologies were initially used as platforms for micromechanical characterization
of materials. Since then, they have been dedicated to analyzing, sensing, and iden-
tifying specific biological entities’ or detecting small chemical species.*®*’
Although industrial success stories are well established in the field of physical sen-
sors, the interest in scientific inquiry related to the conventional microelectrome-
chanical system (MEMS) realm appears to have decreased. Today, the main outlet
for MEMS devices is their use as actuation/sensing devices, a state that indirectly
limits the room for innovation beyond the quest for new functional materials with
enhanced responsive capacities and unique properties. Organic small molecules
offer the advantageous opportunity to use thermal evaporation techniques from
effusion cells for deposition. Usually, a high vacuum is used (about 107 mbar or
lower) to obtain highly reproducible and pure organic thin films while attaining an
accurate deposition rate and control over the film thickness. These vacuum pro-
cesses are widely used in organic electronics device fabrication, for example, the
production of organic light-emitting diodes.

In this paper, and for the first time, we explore the application of thermosalient mo-
lecular crystals in the form of thin films in MEMS devices. We investigate the ability of
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Figure 1. Fabrication of the MEMS device, LPGA thermal deposition, topology of the LPGA crystalline thin film, and X-ray diffraction analysis

(A) Schematic of the step-by-step fabrication process of microcantilevers with sensing and actuation capabilities.

(B) Thermal evaporation setup.

(C) FvdM (Frank van der Merwe layer-by-layer growth), VW (Volmer-Weber island growth), and SK (Stranski-Krastanov layer-by-layer followed by island
growth) modes of nucleation and epitaxial growth of thin films deposited through thermal evaporation.

(D) Optical images of the continuous and polycrystalline LPGA thin film. The scale bars for each zoom-in represent 50 um (top left and bottom left),
10 pum (top right, middle right, and bottom right), and 100 um (middle left).

(E) Powder X-ray diffraction pattern of LPGA crystalline film.

(F) Peak shift due to the phase transition at heating and cooling of the LPGA thin film.

the high surface-area-to-volume ratios to enable a large deformation phase transi-
tion, lower the thermodynamic transformation free-energy barrier, and preserve
the integrity of the material by mitigating excessive stresses that are absorbed by
hydrogen bonding. The polycrystalline organic thin film integrated into the fabri-
cated TS-OC-MEMS device drives a reversible and cyclable mechanical deformation
than can be triggered by heat because of its thermosalient properties. Within a
broader context, this work aims to introduce new materials into well-studied micro-
mechanical systems and test new fabrication methods for molecular crystals as thin
films that are considered better suited for applications relative to single crystals.

RESULTS AND DISCUSSION

Thin-film deposition and characterization

A hybrid thermosalient organic crystal-MEMS (TS-OC-MEMS) device composed of
active microcantilevers (MC-As) with sensing and actuating capabilities was fabri-
cated on which a thermosalient thin film of polycrystalline L-pyroglutamic acid
(LPGA) was deposited through thermal evaporation (Figures 1A-1C; for additional
details, see experimental procedures and Note S1). To optimize the conditions for
thermal evaporation and to characterize the properties of the organic polycrystalline
film, we used a thermal evaporation setup shown in Figure 1B to deposit LPGA on
passive microcantilevers (MC-Ps) fabricated from bare silicon (see Figure S1A; sup-
plemental information). Given that the silicon’s surface free energy is lower than the
sum of LPGA substrate free energy and the interfacial LPGA/Si free energy, a
Volmer-Weber or island growth mode of the thin film was dominant at low film thick-
ness, leading to discontinuous films. Increasing the thickness of deposited LPGA
above a critical thickness of 100 nm contributed to a more homogeneous, layered
growth of a continuous thin film that covered the entire surface. Under a polarizing
microscope, the film showed large domains with clearly visible dividing boundaries,
indicating that the otherwise macroscopically continuous thin film is polycrystalline.
Figure 1D shows a focal point where the crystallization appears to have been initi-
ated and radially progressed, as well as color gradients that reflect the varying thick-
ness in the film. The thickness gradient is optically visible with varying thickness
around the edges compared with the center of the cantilever; however, the film still
appears to be continuous and covers the entire surface. The thin film was also
scanned using atomic force microscopy (AFM) to determine the average thickness,
which was found to be t,,g = 600 nm across the deposited layer (see Figure S2; sup-
plemental information).

Figure 1E shows an X-ray diffractogram of a 600 nm LPGA film. The diffraction peaks
shown correspond to those of LPGA powder and confirm the crystallinity of the sam-
ple.”? The absence of other diffraction peaks also demonstrates the purity of the thin
film; however, because of the prestressed state of the film and its texture, there is an
angular offset and different intensity ratios from the reference. The LPGA film was
analyzed by variable-temperature X-ray diffraction to determine whether it un-
dergoes a phase transition because it has been previously reported on LPGA
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(A and B) Dynamic frequency measurements on LPGA-free and LPGA-charged MC-P and MC-A devices, respectively.
(C and D) The change of resonance frequency of (C) LPGA-free cantilever and (D) LPGA-charged cantilever with respect to temperature during two
cycles of consecutive heating and cooling. The high-temperature and low-temperature phase transitions in the LPGA-charged cantilever are apparent

given the abrupt change in the slope of the linear regressions plotted.

powder.*" Figure 1F shows the different diffractograms of the film as a function of
temperature. From 30°C to 80°C, all the diffraction peaks shift toward lower 26
values. This well-known phenomenon is due to the thermal expansion of the crystal
lattice with increasing temperature. Between 80°C and 90°C, the (130) and (131)
peaks undergo a sudden shift toward higher 26 values, indicating the decrease in
the b axis in the orthorhombic structure®’ of the LPGA film. This behavior is charac-
teristic of the a.— B transition of LPGA. During cooling, the material exhibits another
phase transition around 60°C, indicating the reverse transition p—a.

To characterize the mechanical properties of the LPGA thin film, we performed reso-
nance frequency measurements before and after the deposition of 100 nm LPGA film
on a series of six 5-pm-thick MC-P cantilevers (see experimental procedures and Fig-
ure S3; supplemental information). Figure 2A shows an average resonance frequency
shift Af = 163 + 44 Hz between the LPGA-free and LPGA-charged MC-P cantilevers.
According to the conventional beam theory, the resonant frequency of a monolithic
cantilever beam for the fundamental vibrational mode in bending can be expressed as*?

1 /1.875\* |EI .
f = Z(T) . p_A , (Equation 1)

65 100 65 30

Cell Reports Physical Science 3, 101133, November 16, 2022 5




Science (2022), https://doi.org/10.1016/j.xcrp.2022.101133

Please cite this article in press as: Mahmoud Halabi et al., Microelectromechanical devices driven by thermosalient effects, Cell Reports Physical

¢? CellPress

OPEN ACCESS

where E is the Young'’s modulus, | is the moment of inertia, p is the density, and A is
the cross-sectional area. Considering that the LPGA-charged cantilever can be
modeled as a simple long and slender bilayer beam, the Young's modulus of the
LPGA thin film can be calculated as

(@)2 (B2 D (Et+ M) +3E(E+ 1)

fs (ot + ) (Et+1) ) (Equation 2)

where f,; is the resonance frequency of the bilayer beam, E; is the Young's modulus
ratio E¢/E;, t; is the thickness ratio t;/t;, p, is the density ratio p;/p,, and the subscripts
fand s correspond to the thin film and main substrate, respectively. For t. < 1and
small E; and p, values, Equation 2 can be further reduced to

1 2AfF .
Eipa = §Es' (K + p,) , (Equation 3)

where Af = f,; — f; is the frequency shift. For the LPGA density, the value pipgp =
1,444 kg m~—> was used.”® An average value of the Young's modulus of the LPGA
thin film Epga = 1.52 GPa was calculated. It is important to note that the Young's
modulus of LPGA in the form of a thin crystalline film appears to be notably different
from the values obtained using nanoindentation (2.3-3.9 GPa) on single crystals,*
even though elasticity is an intrinsic property and hence the values should be iden-
tical. However, given the polycrystalline nature of the deposited LPGA thin film and
that the Young’s modulus measured by monitoring shifts in resonance frequency is
reflective of the bulk modulus compared with the surface-specific indentation
modulus, the substantial difference observed is not unexpected.

After optimizing the thermal evaporation parameters, we deposited LPGA on MC-As
(see Figure S1B; supplemental information) to fabricate the hybrid TS-OC-MEMS
device. Resonance frequency measurements were conducted on eight identical
TS-OC-MEMS devices, and the mean frequency shift between LPGA-free and
LPGA-charged MC-A cantilevers was Af = 270 Hz (Figure 2B). Given the multilayered
structure (Si-SiO2—Au wires—LPGA) and the irregular shape of the cross-section, an
ANSYS model was used to determine the Young's modulus of the LPGA thin film
(see Figure S4; supplemental information). The result (=1 GPa) matches the value
determined from the resonance frequency measurement on the LPGA-charged
MC-P cantilever (1.52 GPa).

To evaluate the LPGA a— P phase transition, we subjected LPGA-free and LPGA-
charged MC-A cantilevers to temperature ramps between 30°C and 100°C at a heat-
ing/cooling rate of 10°C min~" over two cycles. The variation of the resonance fre-
quency as a function of temperature in the case of LPGA-free MC-A is illustrated
in Figure 2C. For each cycle, the slope mreflecting the change in resonant frequency
with respect to temperature on heating and cooling was determined using linear re-
gressions and averaged at my g = —0.796 &+ 0.004 and my_ g = —0.792 &+ 0.001.
At T # Tambient: fTor moment of inertia | = V‘Q—; and cross-sectional surface area A =

w-t, Equation 1 becomes

056 t+t-AT-o(T) [E(T)

=T (L+L-AT-a(m)? \ (M)’

(Equation 4)
where the major contributor to the change in resonant frequency is the dependence
of silicon’s Young's modulus on temperature (—60 ppm °C™"). However, the stiffness
of the structure is also affected by any dimensional changes in length, width, or thick-
ness, which subsequently changes the resonant frequency. In LPGA-charged MC-A
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cantilevers, LPGA undergoes anisotropic expansion during the phase transition.
Therefore, studying the change in resonant frequency of the LPGA-charged MC-A
cantilevers as the LPGA film undergoes phase transition helps quantify the induced
strain along the length, width, and thickness of the thin film (e, ew, €).

Across all eight tested LPGA-charged MC-A cantilevers, the variation of the reso-
nance frequency with temperature shows a hysteresis, as illustrated in Figure 2D.
This hysteresis is a signature of the LPGA a— B phase transition on heating with a
slope change in the curve f: T; — T¢around 80°C from my avg-. = —0.981 £ 0.01
before the phase transition to my ayg-g = —1.418 + 0.041 after the phase transition.
The inflection points were determined by monitoring the change in the sign of the
second derivative. The B—a phase transition is also visible on cooling around
70°C with a slope change in the curve f: Ty — T; from m_ayg-p = —1.246 £ 0.019
before the phase transition to mp ayg-o = —0.972 + 0.002. Any change in resonance
frequency is dependent on the change in mass or stiffness of the beam. Given that
the same behavior is reproducible over multiple cycles, we can safely assume that
there is no loss in mass of the LPGA film throughout the phase transition. Therefore,
the hysteresis shown corresponds to a change in the stiffness of the microcantilever
because of the induced compression strain in the LPGA film, proving the phase tran-
sition in the thin-film form is reversible and preserved.

ANSYS simulation of LPGA-charged MC-A cantilever

The deposited LPGA thin film in the TS-OC-MEMS device was shown to be polycrys-
talline. As a result, information on the strain along the length, width, or thickness of
the deposited film cannot be directly related to the X-ray diffraction information on
the crystal lattice strain induced by the phase transition in LPGA single crystals. Addi-
tionally, the defined lattice parameters in the single crystal form can align construc-
tively or destructively in the polycrystalline thin film, thereby preventing a clear cor-
relation between the thin-film and single-crystal behavior. Therefore, to determine
the strain induced in the LPGA film because of the phase transition, we simulated
the LPGA-charged MC-A cantilever using a static structural model in ANSYS paired
with a modal analysis to determine the resonant frequency change (see Figure S4;
supplemental information). The three-dimensional surface plot in Figure 3 explains
the variation of the resonant frequency of the microcantilever with respect to strain
along the length, width, and thickness (Figures 3A and 3B) of the LPGA thin film at
T¢=100°C. The resonant frequency of the LPGA-charged cantilever was determined
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from the simulation to be foc_mems = 34.521 kHz at T = 30°C with a 7.4% error
compared with the resonant frequency obtained from dynamic frequency measure-
ments (focomems = 32.121 kHz) at the same temperature (Figure 2B; see experi-
mental procedures). The surface plots were then optimized over two stages to
narrow down the dimensional strain combinations in the LPGA thin film that could
lead to the same shift recorded in the dynamic frequency measurements.

First, boundary conditions were applied to the dimensional strains such that
—0.51 <e€xy < 0 and the volumetric strain ey = ex+e +€6 < — 0.665."" The
combinations of strains along the length, width, and thickness of the LPGA film that
fall within the specified boundary conditions and yield a drop in resonant frequency
equal to that observed experimentally at T¢ (Af = 75 Hz) were extracted. Note that up
to this point the extracted strain combinations are based only on the change between
the initial resonant frequency of the TS-OC-MEMS device at T; and the resonant fre-
quency at the final temperature after heating. In the second stage, the candidate strain
combinations obtained were plugged back into the simulation model, and the change in
frequency and maximum deformation of the cantilever tip were monitored in real time
with respect to the change in temperature.

Figure 4A shows the parameter sensitivities used to determine to what extent the
variables of interest (frequency and deformation) are affected by a change in any
of the considered optimization parameters (dimensional strain and temperature).
The change of frequency and maximum deformation with respect to temperature
is shown in Figures 4B and 4C at different strains along the width and length of
the LPGA film, respectively, while controlling the strain along the other dimensions.
The same simulation was rerun with different optimized strain combinations ob-
tained in the first stage, and the slope of the decreasing resonant frequency with
respect to temperature was determined for each simulation. These slopes were
then compared with the average slope obtained experimentally (Figure 2D). This
step ensured that the optimization process is based not only on the final actuated
state but also on the dynamic behavior of the cantilever throughout the actuation
to avoid exaggerated linearity assumptions. The optimal simulation strain parame-
ters that best mimic the real behavior of the TS-OC-MEMS cantilever were deter-
mined accordingly. Note that because it was not possible to trigger a sudden phase
transition at a specific temperature in the ANSYS simulation, the phase transition
strain was introduced through a thermal coefficient. Hence inflection points similar
to those observed experimentally are not visible here, and the effect was averaged
out over the entire range of temperatures instead.

The three-dimensional strain induced by the phase transition in the deposited
LPGA polycrystalline thin film was estimated along the length, width, and thickness
(. = —0.12 + 0.05, ey = —0.28 £+ 0.01, ¢ = —0.14 + 0.05). The resultant maximum
tip deformation is 6max = 3.91 um. The stark anisotropic effects observed in the LPGA
single-crystal form as a result of the phase transition are more averaged out in the thin
film form, given the polycrystalline nature of the latter and the random orientation of
the crystalline domains with respect to the dimensions of the cantilever where the film
is deposited. For the same reason, the maximum mechanical strain induced by the phase
transition in the LPGA thin film is lower than the LPGA lattice strain but remains at least 10
times larger than the mechanical strain induced in the single crystal form (~1.75%). As
expected, the thin film form allowed for a smoother dissipation of the elastic energy
within the structure where the accumulated stresses are diffused through mechanical
contraction instead of crack formation, which also helps preserve the integrity of the
structure. It is likely that increasing the surface-area-to-volume ratio promoted a more
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Figure 4. Frequency and deformation dependence on dimensional LPGA strain variables and temperature and design optimization

(A) Sensitivity of frequency and deformation of the TS-OC-MEMS device to temperature and three-dimensional strain in the LPGA thin film.
(B) The change of the cantilever’s frequency with respect to temperature at different strain rates along the thin film’s width.

(C) The change of the cantilever's tip deformation with respect to temperature at different strain rates along the thin film’s length.

(D) The change of maximum deformation in LPGA-charged MC-A cantilever as a function of silicon substrate thickness.

stable molecular reconfiguration and aided the reformation of the robust network of
intermolecular interactions that exist in the LPGA structure.*’ Subjecting the cantilever
to a few actuation cycles showed consistent behavior, reflecting the structural stability
and preservation of the phase transition characteristics of the LPGA film. However,
further cyclic testing is required to confirm the durability of the thin film over 100 actu-
ation cycles.
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The resultant deformation appears to be minimal; however, we note that the canti-
lever design tested here is not geometrically optimized to yield the maximum
response possible. The main silicon substrate has a substantial thickness and con-
tributes significantly to the stiffness of the cantilever, thereby decreasing the
maximum possible deformation. The thickness of the silicon substrate was optimized
for maximum tip deflection, and a range of thicknesses between 5 and 20 um were
considered within an acceptable range of manufacturing limitations. The maximum
deflection 6max was recorded for each simulated design and plotted in Figure 4D
with respect to the thickness of the silicon layer ts;. The deflection increases rapidly
for tsi < 10 pm. A thickness ts; = 5 um yields optimal maximum deflection 6max =
80 um. The maximum deflection undergoes a 20-fold increase with only a 75%
decrease in silicon thickness.

Research on dynamic molecular crystals has demonstrated the unique properties of
these structures. Their long-range order is invaluable because it allows for accurate
mapping of the molecular configuration in the entire crystal through simple diffrac-
tion methods. Assuming such homogeneity and uniformity in materials properties
across the entire crystal structure also contributes to increased accuracy in
modeling. Such properties are not available in amorphous soft polymeric actuators,
which stands as one of the major setbacks in simulating and controlling their
behavior. However, with the excessive focus on single-material structures and crys-
talline materials for easier modeling and more efficient energy transduction,
comparatively little exploration has gone into pairing molecular crystals with other
compatible materials to integrate them into devices.

To circumvent the limitations in synthesis and geometric flexibility due to complex
and, in many cases, unpredictable crystallization processes, here we explored the
preparation of LPGA polycrystalline thin films through thermal evaporation, allowing
for increased modulation of the film's properties. The process was optimized to
reduce polycrystalline growth, ensure continuity, and control the thickness of the
thin film that was integrated into a MEMS device to further characterize its mechan-
ical properties and dynamic response. We found that the phase transition of LPGA,
considered unique to the single crystal form, is preserved in the thin film, and there-
fore the film was introduced as an active actuating material that drives tip deflection
in the TS-OC-MEMS cantilever with temperature change over the phase transition
temperature. Further, using finite element analysis, the LPGA-charged MEMS device
was simulated to extract information on the induced mechanical strain in the thin film
and to optimize the geometric design of the cantilever aimed at increasing the
amplitude of actuation. The phase transition in LPGA has been reported to be faster
than in other thermosalient compounds, spin-crossover compounds, and other sin-
gle-crystal-to-single-crystal transitions.>® The rapid response of phase transitions of-
fers a much faster actuation time (~4 ms) than typical shape memory (~2.7 s)** and
bimetallic thermal actuators (0.04-127 s)** that are limited by the heat capacity and
coefficients of thermal expansion (CTEs) of the material. This work offers a new direc-
tion that maximizes the utility of dynamic molecular crystals in mechanically robust
devices and applications and ensures reproducibility in fabrication and utilization
of these crystals as actuating elements. A recent review on energy-harvesting de-
vices highlights the promising yet studied potential of pyroelectric effects (genera-
tion of voltage from a temperature fluctuation) in energy harvesting, sensing, and
storage applications and flexible devices.”® Pairing thermosalient organic crystals
and piezoelectric materials yields a rapid, CTE-independent, pyroelectric response.
Hybrid TS-OC-MEMS devices bring about an opportunity to experiment with new
materials in MEMSs research and have the potential to reinvigorate the currently
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declining interest in the field. The growing library of responsive molecular crystals
with a variety of unique properties promises many potential candidates that can
be investigated for more compatible pairing with MEMSs toward advanced actua-
tion and sensing capabilities.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information requests should be directed to and will be fulfilled by the lead
contact, Pan¢e Naumov (pance.naumov@nyu.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data are available in the main text or the supplemental information.

Preparation of the LPGA films

LPGA was chosen as the ideal candidate for evaporation experiments based on
previous experiments, actuation behavior, cyclability, molecular weights, melting
points, and phase transition temperatures. Before their integration in MEMS de-
vices, thin films of LPGA were first prepared on silicon wafers to study their
morphological and structural properties. Before the LPGA deposition, silicon sub-
strates were thoroughly cleaned with acetone and isopropanol and treated with
an oxygen plasma. Organic films were then made by LPGA sublimation at 65°C
under high vacuum (2 x 1077 mbar) at a low growth rate of 0.7 A s=". The thick-
ness of the films and the deposition flux were controlled by a quartz crystal micro-
balance (QCM) placed near the sample located 30 cm above the effusion cell.
According to the QCM, the estimated thicknesses of 50, 100, 150, and 600 nm
of LPGA were deposited onto the substrates. It should be noted here that imme-
diately after removing the samples from the vacuum chamber, a noticeable reor-
ganization of the deposited thin films occurred over time, regardless of the LPGA
thickness. For the thickest estimated layers, those morphological modifications
led to reproducible and stable films, whereas they induced discontinuous films
for thicknesses under 100 nm of evaporated LPGA. In addition, we confirmed
that the substrate surface preparation (with or without oxygen plasma treatment)
revealed no differences in the post-deposition behavior of LPGA. One possible
hypothesis for this observation is that the origin of the morphological changes
in this material (just after exposure to nitrogen or air) could be because of intra-
chain hydrogen bonding present in the LPGA structure.*®*® Optical microscopy
of the 600-nm-thick LPGA layer shows large domains (on the order of tens of
um?) generated by this reorganization process. For their implementation on
MC-A cantilevers, thickness of the LPGA layer of 600 nm was deemed the most
suitable to obtain a continuous thin film, given that the top surface of the canti-
lever is not entirely flat due to the deposited gold wire.

Microcantilever device fabrication

Two types of microcantilever device were fabricated: MC-Ps composed of bare sil-
icon and MC-As with integrated actuation and detection capabilities. The MC-P de-
vice has an array of eight silicon cantilevers 500 um in length, 100 pm in width, and
5 um in thickness fabricated from a silicon-on-insulator (SOI) 100 n-type substrate.
The fabrication process includes front-side lithography followed by reactive ion
etching (RIE) of the silicon to define the geometry of the cantilevers and then
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back-side lithography followed by a deep RIE (DRIE) step to release the cantilevers
(see Figure STA; supplemental information). MC-A chips consist of silicon-based mi-
crocantilevers with integrated electromagnetic actuation and piezoresistive sensing
schemes used in measuring the hydrodynamic forces and rheological properties of
fluids.”” These cantilevers can be precisely fabricated through anisotropic etching
and local oxidation using masking layers to create different designs.*® The MC-A
chip includes a measure cantilever (840-pm-long, 100-um-wide, and 20-um-thick sil-
icon base) and an unreleased reference cantilever with similar geometry (see Fig-
ure S1B; supplemental information).

AFM

To measure the thickness of the LPGA films, we used AFM (Bruker Dimension Icon).
During the deposition of LPGA film by evaporation, one part of the wafer was
covered to block any LPGA deposition. In AFM imaging, the boundary between
the LPGA-free area and the deposited LPGA film was scanned to measure the thick-
ness. Tapping mode was used with a cantilever Bruker RTESP model while scanning.
The frequency of the cantilever for the tapping mode was 397 kHz. Figure S2 (see
supplemental information) shows the AFM topography with height sensor mode af-
ter software-assisted compensation of tilting (using NanoScope Analysis of Bruker
Corporation). The left part of Figure S2 is the LPGA-free area, and the right part is
the deposited LPGA. The scanning range was 20 X 20 pm, and the scanning rate
was 0.53 Hz. The cross-sectional topography shows that the average thickness of
the LPGA film was about 552 nm.

Crystallographic analysis

Crystallographic analysis of LPGA films was performed with a Bruker D8 Advance
diffractometer used in grazing incidence mode at room temperature. The device
is equipped with a copper anti-cathode (A Cu K,; = 1.54056 A and 1 Cu K, =
1.54443 A), and a Bruker LynxEye detector configured in 0 D mode opened at
10 mm. The sample is positioned on a motorized XYZ stage. The incidence angle
was fixed at 1°, and the acquisitions were made in an angular range from 15° to
50° in 26, with a measurement step of 0.016° and time steps of 5 s. For the var-
iable-temperature diffraction measurements, the sample was placed in an Anton
Paar HTK1200N chamber and heated up to 100°C with a ramp of 2°C. The diffrac-
tograms (XRD patterns) were recorded every 10°C. A stabilization time of 5 min
was allowed before each recording made between 18.5° and 27.5° in 26, with a
measurement step of 0.02° and a time in steps of 4 s. The crystalline phases
were identified using the software DiffracPlus EVA*? combined with the ICDD-
Powder Diffraction File database (PDF, #00-037-1706).

Dynamic frequency measurements

The dynamic measurements were carried out in an HFS350V (Linkam Scientific)
stage. A piezoelectric disc (PRYY-1077) from Physik Instrumente was used to vibrate
the cantilevers in the MC-P device. A confocal displacement sensor (IFS2407-3 from
Micro-Epsilon) was used to detect the resonance frequency. In the case of the MC-A
device, a magnet was placed inside the Linkam stage to generate the Lorentz force
necessary to vibrate the cantilevers. The force results from the magnetic field and the
alternating electric current (500 pA) that runs through the metallic excitation wire in
each cantilever. The resonance frequency is measured by monitoring the change in
the piezoresistance value of the unrestrained cantilever. All measurements and ac-
quisitions were carried out using a dedicated home-made electronic setup already
described in an article by Alava et al.>°
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ANSYS simulation of LPGA-charged cantilever

A static structural model was used to simulate the bending behavior of the LPGA-
charged MEMS cantilever in ANSYS (see Figure S4; supplemental information).
The cantilever is composed of a 20-um-thick main pure-silicon layer, a 0.5-pm silicon
dioxide layer, a gold conductive layer of 0.6 um in thickness and 10 um in width that
circulates the cantilever at 10 um from the edges, and a final layer of LPGA of 0.6 um
in thickness.

Itis important to note that the gold and LPGA layers are estimated at a uniform thick-
ness even though, in reality, they are not as uniformly layered, and therefore differ-
ences between simulation and experimental results are expected and inevitable.
The entire structure was then discretized by using a mesh control that sweeps
each body through its thickness where there are at least two elements through
each layer. A quadrilateral mesh suitable for bending was used with an optimized
element size suitable for each body. The mechanical and physical properties, such
as the Young'’s modulus, density, and thermal expansion coefficients, were assigned
for each layerin tabular form at different temperatures. The LPGA layer was assigned
a Young's modulus of 1.52 GPa determined experimentally through resonance fre-
quency experiments and an estimated Poisson’s ratio » = 0.3.

To simulate the thermally induced phase transition in LPGA, we assigned a range of
thermal coefficients —0.0065°C™" < apga < 0°C™" in each direction based on the
X-ray diffraction data obtained on the phase transition in the single-crystal LPGA
form and the temperature range of AT = 78°C™". A fixed support was applied to
one end of the cantilever where it is clamped, and a thermal condition was intro-
duced as a temperature increase from room temperature T; = 22°C to T¢ = 100°C.
The resonance frequency of the entire structure along the bending axis was
measured before and after bending.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2022.101133.
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Supplemental Information

Note S1. Preparation of organic polycrystalline thin films

Multiple methods were tested in investigating the coupling of molecular-crystal actuation with MEMS
devices. The goal was to deposit a thin crystalline film of a responsive molecular crystal on silicon-
based cantilevers to promote a more robust actuation and easily configurable geometries.
Thermosalient compounds based on previous reports and in-lab experiments were considered for the
task, including four main candidates: 1,2,4,5-tetrabromobenzene (TBB),!" naphthalene-2,3-diyl-bis(4-
fluorobenzoate) (NAPH),'”! phenylpropylammonium bromide (PPB), and L-form of crystalline
pyroglutamic acid (LPGA).*#! Drop-casting deposition technique was explored but did not yield any
reliable and uniform crystalline thin film formation. Contact microprinting method, successfully
implemented for spin-crossover materials,>® was also explored where a PDMS device with
microchannels was used as a template for crystallization. However, SEM images of the deposited
layers showed an absence of a uniform thin crystalline film, and powder X-ray diffraction results also
confirmed the lack of substantial crystallinity.

Finally, thin-film deposition through evaporation was considered, based on previous experiments.
Even if most evaporated organic molecules display amorphous structures, some of those materials
form polycrystalline films. For well-known subliming organic semiconductors like tetracene or
pentacene polycrystalline phases have been shown to depend on several factors such as deposition
rates, layer thickness, and substrate treatment.”! However, in some cases, after thermal evaporation,
the obtained thin films need to be crystallized by solvent vapor annealing (SVA) post-deposition
treatment. Specifically, the molecular spin crossover (SCO) compound [Fe(I[)(HB(tz)3):], which
displays as-deposited amorphous thin films can be reorganized by SVA using water, ethanol, diethyl
ether, dichloromethane, or acetone, while it maintains its spin-transition behavior.®”!



SUPPLEMENTAL FIGURES

V 8.0mm x45 SE(M

Figure S1. Passive and active microcantilevers. SEM images of an array of (A) passive bare-silicon
microcantilevers and (B) active microcantilevers with integrated actuation and detection capabilities.
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Figure S2. Imaging of LPGA deposited thin-film. AFM imaging of the deposited LPGA thin film on
a silicon wafer and the thickness profile along the film cross-section.
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Figure S3. Dynamic frequency measurements for Young’s modulus extraction. The shift in
resonance frequency between six identical passive microcantilever devices before and after the
deposition of LPGA thin film by thermal evaporation.



Engineering Materials

LPGA
Silicon Dioxide
Gold Wires

Silicon

uo1}99S-SS01D)

Fixed Support

Figure S4. ANSYS Finite Element Analysis modeling. Static structural simulation of the LPGA-
charged cantilever bending, quadrilateral meshing of the structure, introduction of materials properties
to mimic the experimental setup, and solution color-coded by total deformation during bending.
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