Figure 24: Amplitude of RF Output signal with varying actuating voltages as labelled and a
constant frequency with a 25% pulse width.

Figure 25 shows height and deflection images, which are acquired with the AFM tip contacting
the surface, in the top two rows. The amplitude of the RF output signal is presented in the bottom
row of the figure. At 0V (left column), when the RF MEMS switch is ‘off,” an essentially uniform
background noise signal is observed in all three of the channels (rows) as expected for no actuation
of the MEMS RF switch. With an intermediate actuating voltage of 5 V (center column), the
change in amplitude of the RF output signal is pronounced, while features are only barely
discernible in the height (nanometer range) and deflection channels. This suggests that the MEMS
RF switch requires very little actual force between the actuating microlevers and the overhanging

electrodes to latch the RF signal into the output electrode.
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Figure 25. Montage of 9 images of Height (Ht), Deflection (Df), and RF Output signal
amplitude (Amp) with varying actuating voltages of the underlying microlever as labelled
(note the contrast ranges are necessarily increased from left to right to identify the effects of
the stronger actuation conditions).

For the maximum actuating bias used in this experiment (10 V), the height and deflection channels
reveal clear contrast for each strike from the lever below into the physical overhang on which the
AFM is resting and recording the response, with a corresponding stronger change in the RF
response (note the much wider signal range in the contrast scales for the 37 column). The AFM

tip is recording a height change (bounce from below) in the picometer range for an actuating
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voltage of 5V, but detects jumps in the range of nanometers for 10 V of actuation. This is more

clearly observed in the cross sectional analysis of the height image, Figure 26.

P Sections o || BT
Take a "Snap Shol” of aclive trace and append to upper graph Sedtion Controls
nm Rename Legend | Edit Copylo Layout 6
&
Bnm —
4
6=~
2 4
E =
£ =2 L,
gl =T
0~ /
-2 2 _)\—/_‘\ /
-4 I T T T T 1
1] 2 4 & 8 10
nm
-5 —
O A SactionWaveY I ot 224 X 57843609 ¥ Z8524e-10 o -12845e09
[[]&: sectionwaver pnt 132 X 7.5234e-09 ¥: 4 4544009 &Y 47808409

Figure 26: AFM image of height (left) with a horizontal profile cross section (right) along
the sketched line for two 25% duty cycle pulses of the RF MEMS switch.

The equivalent cross sectional data (same image line), but for the deflection channel (essentially
the instantaneous force experienced by the AFM probe), is shown in Figure 27. A magnified
portion of the signal as sketched by the box The asymmetry of the features as compared to the
height signal actually indicates that this image was acquired in the ‘retrace’ pass of the AFM tip
(while moving from right to left). This is because the deflection image reveals an increase at the
right side of each stripe (bright band), i.e. the instant the lever is actuated but before the AFM
feedback has equilibrated to the new surface position. Next, scanning to the left, the deflection
(force) gradually returns to the initial set point position, as the tip height is adjusted by the AFM
z-piezo according to the constant-force feedback-circuit. The opposite occurs when the microle ver
bias returns to zero, unloading the overhanging structure and thus lowering it, causing an

instantaneous decrease in the deflection image on the left side of each actuating strip (dark bands).
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This proves a physical rise and fall of the overhang when the actuating lever strikes, contacts, and

then releases from the contacts, as strong as several nanometers for 10 V actuating biases.
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Figure 27: Deflection image (left) corresponding to Figure 26 of RF MEMS device with a
profile cross section (right) of the same horizontal section as in the previous figure,
confirming an actual change in height during contact between the actuating lever and the
overhanging electrodes on which the AFM probe is resting.

Finally, the previous data was obtained with low switching frequencies to be able to correlate the
forces on actuating levers and overhanging contacts with the RF signal itself. In reality, though,
RF MEMS will be switched at higher frequencies. Accordingly, Figure 28 displays the RF
response with an actuating frequency of 5 kHz. Again the AFM scan size is essentially artificial

as the AFM is simple being used to record the RF response as a function of time. Unlike the
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previous images where the sampling rate was approximately 512 points per second, though, in this
case ~40,960 points were acquired per second to try to obtain as much accurate data as possible.
This was achieved by setting the AFM scan rate close to 10 Hz (10 traces and retraces per second),

with 2048 points per line in each direction.
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Figure 28: Amplitude image of the RF output signal switched at 5 kHz (upper left) but
recorded at ~41 kHz, with a complete cross sectional profile (below) of an arbitrary section
of the amplitude data as well as a magnified portion from this line (upper right).

The Moire pattern apparent in the 2d image of this data is due to the lack of synchronization
between the amount and rate of pixels acquired in the raw data, the periodic signals they represent,

and the pixel resolution of the image. The cross sectional profile graph at the base of the figure
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makes this more clear, where there is a slight sin-like wave pattern superimposed on the rapidly
switched RF output signal. The cross section at above right is magnified from the full profile.
Counting the number of imaged peaks and valleys (RF on/off cycles) and relating this to the
acquisition time, per line, confirms that the AFM is gathering real and accurate data about the in
situ operation of the RF MEMS device. Unfortunately simultaneous AFM height or deflection
images, as with prior figures in this section, are not possible at such high data acquisition rates due
to data-throughput limitations in the instrument on available due to the necessity of the AFM scan

rate being high and such scan speed would do irreparable damage to the sample.

To conclude this section, AFM is demonstrated to be able to accurately record the RF signal
response as a function of time with up to ~40 kHz acquisition rates, and to be able to relate the RF
signal with forces or changes in height caused by the RF MEMS switches themselves as they
physically latch overhanging electrodes with an underlying microactuating lever. This is valuable
and unique insight available only through such in situ measurements, with one particularly
important contribution to be made in terms of establishing threshold actuating voltages necessary
to reliably switch the devices. Specifically, for the devices tested, moderate voltages on the order
of 5V are sufficient for achieving RF switching functionality with hardly discernible strains
imposed on the overhang structure (sub pm). 10V signals, on the other hand, cause nanometers of
strain for the overhang, a likely source of eventual mechanical failure and thus a possible reliability

concern that can now be avoided since it has been directly  observed.
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3.3 In Situ Imaging of Tuning Fork

The final MEMS structure considered in this work with in situ AFM measurements is a tuning
fork, with the description from our recently published paper on the topic [83]. As introduced in
Chapter 1, this is a practical MEMS device available commercially and manufactured on the scale
of millions per year for pennies apiece. This serves as an excellent control for relating the

nanoscale and milli- to micro- second resolved data described above, with real world applications.

Figure 29(a) presents common frequency responses of such a macroscopic tuning fork, measured
by analyzing the AC bias on a voltage divider across the tuning fork with a lock-in-amplifier
(arbitrary units are shown) during frequency sweeps across 3 kHz in 25 Hz steps (i.e. 120 points
per line) in air. For each frequency sweep past the primary resonance at approximately 55.6 kHz,
7 distinct driving amplitudes are employed from 10 to 730 mV (peak to peak). The results for each
condition are offset by 40 a.u. for visual clarity in the figure, with the strongest driving voltage
offset by 240 a.u. and the weakest barely rising above 0. The mean peak amplitude is displayed
for each of these conditions in Figure 31 (b), with error bars representing the peak-to-peak standard
deviation based on 5 measurements for each driving amplitude to establish repeatability. As
expected, these results indicate a nearly perfectly linear correlation between the driving amplitude

and the maximum response of the tuning fork (R?=0.9985).
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Figure 29: Tuning fork response (arbitrary units) as measured by a voltage divider while
sweeping the driving frequency past the 55.56 kHz primary resonant frequency multiple
times for 7 distinct AC amplitudes (a), revealing a linear maximum response with driving
amplitude (b) and + standard deviation error bars of 1-5%. Note that each set of frequency
sweeps at distinct driving amplitudes is offset by 40 a.u in (a) for clarity.

Mounting the tuning fork from Figure 29 in an AFM and contacting one of the tines as sketched
in Figure 30(a), the amplitude is directly measured by monitoring deflection of the high frequency
AFM probe and again analyzing the signal with the lock-in-amplifier. For a fixed driving

amplitude of the tuning fork, 15 consecutive frequency sweeps were made, Figure 30(b), again

each offset for visual clarity (by 200 a.u.).

The sweeps are visually indistinguishable except for subtle shifts in the peak frequency, which
amount to a maximum of 5 frequency steps of 10 Hz, attributed to thermal effects for these
measurements made in ambient conditions. Importantly, these 15 measurements are actually 5
groups of 3, each acquired with a distinct AFM contact force applied (i.e. set point) ranging from

39 to 1540 nN. Figure 2(c) displays the average maximum amplitude for the peaks as a function
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of this set point, along with the essentially neglibible standard deviation. These results indicate a
nearly constant electromechanical response of the TF except for the highest AFM load (1.5 uN).
The units here have been converted to actual root mean square (rms) nanometer amplitudes via a
conversion factor of 48.1 nm/\V as described in the methods section. The results yield an effectively

flat response for the resonant frequency as well.
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Figure 30: Sketch of in-situ AFM and tuning fork structure (a), AFM-detected amplitude
(shown in raw arbitrary units) during 15 frequency sweeps driving the resonance of the same
tuning fork as in Figure 1, and the resulting peak amplitude (calibrated to nm of rms
amplitude, with standard deviation error bars) as a function of the set point force.

Of course at some high load the AFM tip may cause the tuning fork to behave like a damped

harmonic oscillator. While this threshold could be near 1 uN,a barely apparent maximum in Figure

2(c), we have not explored this possibility since higher loads are not reliable with the AFM probes

52



and system used in these experiments. In fact, the 1 uN condition required 5 V of set point
deflection for this lever and alignment with the AFM, while the slightly diminished response at a
1.5 uN load necessitated an 8 V set point, where nonlinearities of the photodetector may somewhat
mask the true behavior. Therefore, loads much less than 1 uN are otherwise used throughout the
remainder of this work (typically ~200 nN), where the contacting AFM can reasonably be assumed
not to perturb the simple harmonic oscillator behavior of the tuning fork. In fact, the experiments
could be performed faster by sampling fewer frequencies and fitting the results to a simple
harmonic oscillator response, but instead the pure data, maximum signals, and frequencies for
these maxima are considered throughout.

Figure 31 presents a montage of 18 corresponding AFM images of the tuning fork, each 5x80 um
(1:16 aspect ratio), all acquired in the same location where the left edge is aligned with the free
end of the imaged tine (4 mm from its base and therefore where the normal amplitude should be a
maximum). The displayed contrast does not present height as is common with AFM, since it is
essentially identical for these multiple images of asingle area. Instead, the distinct images map the
amplitude of the tine for a range of specific driving frequencies. Specifically, the images
sequentially step through the primary resonant peak of the tuning fork, from 55.56 to 55.73 kHz
in steps of 10 Hz. The owverall image contrast clearly is brighter (stronger amplitude) near 55.63
kHz, revealing the vibrational resonant peak. While the amplitude should also be strongest at the
ends of the tines and hence the left edge of each of the images, this is difficult to discern from the

amplitude contrast alone.
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Figure 31: 18 images of the tuning fork amplitude as a function of frequency for a 5x80 pm
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area near the end of a 4 mm tine (just beyond the left edge).
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To better visualize the overall amplitude and frequency response of the tuning fork tine, a two
dimensional histogram of the entire dataset in Figure 31 is shown in Figure 32. In this
representation, the histogram count is displayed as color contrast. The histogram bins are
established for the 18 discrete driving frequencies (i.e. images) with steps of 10 Hz as indicated in
the x-axis of the figure, and for a range of possible vibration amplitudes as identified by the y-axis
based on steps of 2 pm rms. At each frequency, the detected amplitudes are tightly grouped,
indicating a relatively uniform response in the imaged region. Optical interferometry
measurements of the same structure, with its common pm scale or worse lateral resolution, could
resolve similar average signals. However, interferometry cannot differentiate the nanoscale

responses evident in Figure 31.
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Figure 32: Two-dimensional histogram of the number of image pixels (i.e. relative area of
the imaged region of the tuning fork, color contrast) for defined amplitudes (y-axis) and
frequencies which in this case means the 18 discrete images (x-axis).
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Using such high spatial resolution, multiparameteric data, maps of a range of properties such as
the local maximum amplitude ideally can be determined down to the resolved pixel size in the
initial AFM images. This is achieved by: i) simply “drilling” through the stack of distinct images
(i.e. Figure 31) for any given image pixel as described elsewhere 64; ii) calculating and recording
the image frame at which the contrast is strongest (e.g. the frequency corresponding to the peak
amplitude), or reaches some other indicative magnitude (e.g. where a phase signal reaches 90°,
current reaches 0 nA, etc.); and iii) repeating this process for every pixel in the imaged region. In
this case, the resulting images of the maximum amplitude, frequency for the maximum amplitude,
etc. can then be easily compiled. The spatial resolution of such maps depends on two parameters,
any uncorrectable spatial drift during the experiment (linear or measured drift can easily be
accommodated), and of course the initial information density (pixel size). The pixel density for the
images of Figure 33 are relatively modest (~312 nm on a side simply due to a low acquired pixel
density), but practically can extend down to the limit of the AFM tip contact area (~5 nm for
similar condition contact-mode AFM images and tips). This general concept has previously been
employed for efficient, high resolution mapping of conductivity 64, photoconduction 65, stiffness
66, and friction coefficients 67.

Of course both the resonant frequency and amplitude for the millimeter scale tuning fork are
expected to be relatively uniform when imaged on the um scale with AFM. Indeed, calculated
images of the maximum amplitude and frequency for this maxima (i.e. resonance) simply
correspond to the contrast in the single image of Figure 31 with the strongest signal (i.e. at 55.62
kHz). Therefore, for this millimeter sized feature, animage of the average vibrational response of
the tine as a function of the distance from its end is both more revealing, and more appropriate

given the spatial scales of the measurement. Specifically: i) the 18 images of a single area from
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Figure 31 are each normalized to the maximum amplitude at that frequency (which in fact occurs
at the left edge of each image, i.e. nearest the end of the tine); ii) drilling through this data pixel
by pixel as described before, the average normalized amplitude with respect to the end of the tine
is calculated; iii) this is repeated for every image pixel to generate the average amplitude response
for the last 80 um of the tine, Figure 33(a). A cross section of this entire result, Figure 33(b), now
reveals the general decrease in amplitude from the tine end toward the base that was expected but
visually unapparent in the raw data of Figure 31. Specifically, the measured change in amplitude
over the 80 um imaged length is ~1.5%, which compares favorably with the fraction of the overall
4mm tine length that is directly investigated, i.e. the last 2% of the tine.

It is important to note that topography induced artifacts can superimpose on such results. In this
case, poorly bound particles on the surface yield apparently vertical stripes of diminished
amplitude in Figure 33(b), due to poor tip-particle-tine coupling. Here, inconveniently this is
coincidentally convoluted with several um of thermal drift in the y-direction. This can be
accommodated in future measurements with feature tracking, or employing high speed AFM to
minimize thermal drift. Regardless, though, these model results validate the applicability of AFM

for in-situ measurements of electromechanical systems.

The maximum measured amplitude of approximately 11 nm (rms) for the tines further confirms
the applicability of such tuning forks for investigating curing effects of nano-fibrous gels, since
the vibration magnitude is on the same order as the gel porosity. Future investigations will focus
on the tuning fork response to gel curing time for a much larger range of vibrational amplitudes,
which should provide further insight into the mechanical properties of the mesoscopic

interconnected network of fibers.
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Figure 33: Image of average normalized amplitude (a) and cross section of this result (b)
from Figure 31 revealing a 1.5% decrease in the normalized vibrational amplitude over the
last 2% of the tine length.

Returning the measurement configuration to a voltage divider circuit instead of AFM detection of
the tine amplitude, the tuning fork response was next measured in liquid, Figure 34. Specifically,
the tines were submerged into a mixture of cell culture media and buffer solution, with and without
the addition of a nanofibrous collagen that typically gels in approximately 30 minutes. The peaks
between 52.8 and 53 kHz, acquired every 10 minutes as noted, display a subset of the more than
20 regularly repeated frequency sweeps during curing of the nanofibrous collagen gel. The
amplitude, and the frequency, clearly rise smoothly with curing time. For comparison, an identical
control experiment was also performed with the cell culture media and buffer solution alone, i.e.
without the collagen and hence a gel will not form. The peaks for this no-collagen case at ~52.5
kHz (labelled as ‘NC’ in the plot) are stable over the same duration, supporting use of such tuning

forks to monitor curing of gels.
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Figure 34: Tuning fork frequency response in air and in liquid (a), and the measured tuning
fork resonant frequency as a function of time to monitor curing of a nanofibrous gel as
compared to a control experiment without the gelling agent (b).

Tuning fork spectra similar to those in Figure 34 were in fact acquired every 2 minutes. Analyzing
the maximum amplitudes and frequencies leads to Figure 35. Beyond 10 minutes, an increase in
the tuning fork resonant amplitude (a) and similarly the resonance frequency (b) is observed,
implying an increase in viscocity as expected during gelling. In the first 10 minutes, on the other
hand, the response shows certain frequency drift, possibly suggesting the detection of distinct
reaction stages, but most likely related to the temperature evolution during the early stages of the
measurement. While endothermic or exothermic reactions can be detected via the temperature
sensitivity of the tuning forks 62, it is more likely that the first 4 data points are indicating
nonlinearities during thermal equilibration of the system owerall because even though the
measurements are performed in a thermally isolated chamber, the lid is open at time zero in order
to add the Rat Tail Collagen HC and initiate the reaction. This possibility is supported by the

identically acquired tuning fork response for the control conditions, i.e. without the collagen gel,
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which is also plotted for an equivalent overall duration. The resonant frequency remains essentially
constant as anticipated, with a less substantial but still apparent drift in the first few measureme nt

points (~5 minutes), therefore attributed to thermal equilibration effects.
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Figure 35: Resonant amplitude (a) and frequency (b) for a tuning fork as a function of time
when submerged in a liquid of cell culture media, PBS, NaOH, and collagen during curing
(‘with collagen’) as compared to a stable control measurement without the curing collagen
gel (*no collagen’).

The gel is expected to have fibers and pores on the ~10 nm scale, such that it is important to know
the amplitude of the tines in order to relate the magnitude of the mechanical perturbations they

cause to the surrounding effective microstructure. Accordingly, the same tuning fork was mounted

in an AFM in air for direct measurements of the resonant amplitude normal to the tuning fork axis,
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i.e. the direction of maximum amplitude. Rotating the horizontally mounted tuning fork by 90
degrees would allow shear of the tuning fork tines to be detected, or even leveraged as a fast

scanner as in some high speed AFM systems [84].

Chapter 4 Conclusions and Recommendations for Future Work

As the wide use of MEMS and NEMS structures continues to increase in real-world devices, the
development and application of in-situ techniques capable of measuring and mapping their static
and dynamic functionality are similarly important. Atomic Force Microscopy is particularly well
suited for such investigations, providing the topography of MEMS as well as the local stiffness,
actuation, resonance, or other parameters with nanoscale spatial resolution. This is directly
demonstrated with model measurements of tuning fork resonances, as well as maps of the
performance of piezoelectric MEMS cantilevers and RF signal switches. Challenges include
decoupling any results from the dynamics of the AFM cantilever itself, as well as the persistent
issue of acquisition speed with nearly all AFM systems. Even so, AFM can obtain valuable and
novel insight into the performance of MEMS devices at the nanoscale, enhancing future efforts in
MEMS modelling, design, functionality, and reliability.

The project inspires several ideas for future work. Future work involves the author traveling to the
U.S. Army Research Laboratory in Adelphi, MD. The location where the MEMS structures used
in this thesis are fabricated. There, he intends to include the use of an AFM system to perform the
measurements shown in this thesis to advance with the characterization and modeling of these and
future devices. During this time, different top electrode material will be investigated to understand

its effects on the mechanical and electrical properties of the devices.
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