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ABSTRACT: We have developed a porous silicon nano- Resist covered chip o Fully
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surface area could be precisely manipulated. Using this

control, cantilever sensors ranging from nonporous to fully

porous were fabricated and tested as gas-phase mass sensors of volatile organic compounds coming from a gas chromatography
stream. The fully porous cantilever produced a dramatic 10-fold increase in sensing signal and a 6-fold improvement in limit of
detection (LOD) compared to an otherwise identical nonporous cantilever. This signal improvement could be separated into
mass responsivity increase and adsorption increase components. Allan deviation measurements indicate that a further 4-fold
improvement in LOD could be expected upon speeding up characteristic peak response time from 1 s to 50 ms. These results
show promise for performance enhancement in nanomechanical sensors for applications in gas sensing, gas chromatography,

and mass spectrometry.
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he application of nanomechanical beams for mass sensing

has been around for more than a decade.'™ However,
rapid improvements in nanomechanical mass sensitivity and a
growing awareness of its potential to compete with mass
spectrometry has brought increased attention to this area of
nanotechnology."”*~'° These improvements have been due to
recent trends in nanomechanical device miniaturization, which
reduce the device dimension and hence the mass of the
nanomechanical beam. This favorably affects the mass
sensitivity.' However, lowering the device dimensions reduces
the surface area for analyte adsorption, which, in turn,
decreases the adsorption capacity due to a reduction in the
number of adsorption sites. There are a few ways to mitigate
this reduction in adsorption capacity. One of them is to coat
the nanomechanical beam with high surface area materials like
metal—organic frameworks or polymers.'”"® However, these
may also alter the chemical affinity of the surface. Another
approach is to increase the surface area of the sensor by
introducing porosity to the nanomechanical beam surface

-4 ACS Publications  © 2019 American Chemical Society

without affecting the chemical affinity of the surface. This work
focuses on the latter approach.

Previous work on porous nanomechanical beams has
achieved an increase in the adsorption of volatile organic
compounds (VOC) by a factor of 2—3x"*"*" depending on
the beam’s surface chemistry. The use of porous nano-
mechanical devices is not only limited to mass sensing but has
also been used for spectroscopic applications such as infrared
(IR) calorimetry.”® Across the spectrum of applications for
porous nanomechanical beams, changes in beam porosity have
been principally realized by anodic aluminum oxide (AAO) or
other electrode based porosity inducing techniques. However,
these methods are not applicable for structures devoid of
electrodes (as in our case) wherein the mass sensor is based on
a nanophotonics platform made from silicon-on-insulator.
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Stain etching”' has an advantage over electrode etching
methods as it does not require electrodes.

In this Article, using lithographically controlled stain etching,
we have produced locally porous nanomechanical structures of
various porosities. We have compared the VOC adsorption
measurements between nonporous devices to these porous
nanostructures. We found an order of magnitude increase in
VOC sensing signal of fully porous beams compared to
nonporous beams for the same concentration. By determining
the effective densities, we were able to resolve this signal
improvement into component effects of increased adsorption
and increased mass resgonsivity. This is in contrast to the usual
literature approach'®'®'”*% of simply equating signal increase
with mass sensitivity improvement. The signal increase
translates into a limit of detection (LOD) improvement by
6X. This improvement is consistent with a comparison of
measured sensor noise floor between porous and nonporous
devices. The noise measurement also suggests a further factor
of 4 improvement in LOD would result for faster eluant peaks
due to better noise performance of the porous device at shorter
sampling times.

B EXPERIMENTAL SETUP

The nanophotonic—gas chromatography (GC) measurement setup
used for measuring the gas uptake is similar to the one described in
our previous work.® For details on the operating principle and
experimental setup of the nanophotonic optomechanical sensing
system, please refer to our earlier paper.® The device chip is patterned
using an electron-beam lithography (EBL) resist (PMMA) to open
windows that expose only the nanomechanical beam but protect the
ring resonator (as shown in Figure la,b). While opening windows in
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Figure 1. (a) Schematic of the NOMS photonic sensor system coated
with resist layer with the etch window allowing porous etching of the
cantilever, (b) patterned electron beam resist exposing nanocanti-
levers while protecting ring resonators, and (c) juxtaposed TEM
images of porous etched silicon with various concentrations of V,0Os.
The checkered pattern due to porous silicon between the white
borders can be clearly seen when compared to the uniform shade of
nonporous silicon.

the resist, the clamped edge of the cantilever beam is protected and
about 75% of the length from the free end of the cantilever beam is
exposed to a stain etch solution. Following the patterning, the devices
were exposed to stain etch solutions. While there are many stain etch
chemistries,”" in this work the etch chemistry based on V,05/HF was
chosen due to its simple setup and rapid etch rates.”””>>

A single time window was chosen for the stain etch to coincide
with the amount of etch time needed to mechanically release the
devices due to HF etching of the oxide support. In this manner, the
technique allows creating the porosity and performing the mechanical
release in a single step. The patterned devices were exposed to
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different stain etch chemistries by varying the mass of the oxidant
(V,05) in the solution in order to change the rate of stain etching in
the given time window (for details about the etch procedure, refer to
the Supporting Information section). Molarities of V,0O; ranged from
0 (no stain etching) to 314 mM (maximum stain etching rate). From
the TEM plot shown in Figure lc (see Supporting Information for
sample preparation details), it is clear that as the molarity of the
oxidant increases, the depth of the created pore region increases. Note
that the finite thickness (130 nm) of the cantilever devices puts a limit
on the maximum depth of the pore region; increasing the oxidant
concentration beyond 245 mM for the process conditions and the
nanomechanical beam dimensions caused complete etching of the
silicon beam (and a loss of mechanical resonance) as is evident in
Figure Sla,b (Supporting Information). Setting a maximum oxidant
concentration at 228 mM of V,0; (hereafter device 4, fully porous)
gave us a device with maximum porosity and an etch depth of about
80 nm for the given etch time. Given the patterning and the access to
etch zone, the porous layer is believed to extend throughout the
device thickness of the exposed region. The other concentrations for
cantilever tests were 174 mM V,O; (hereafter device 3, moderately
porous), 77 mM V,O; (hereafter device 2, slightly porous), and a
nonporous device (device 1, 0 mM V,0Os). Following the exposure to
stain etch chemistry, the EBL resist was stripped by simply immersing
the resist-coated chip in acetone for 20 min followed by gently dip
washing in 100% isopropanol and water in separate beakers. Without
exposing it to air, the device was placed in a buffered oxide etch
(BOE) solution for 2.25 min to release the nonporous mechanical
devices on the same chip for comparative measurements with the
porous (etched) devices. The chip was then washed in piranha
solution, dried using critical point dryer, and then mounted on a piezo
actuator housed in a pressure controlled vacuum chamber as
described in ref 8. The nonporous nanomechanical device used for
this experiment is a cantilever of dimensions 4 ym length, 130 nm
wide, and 220 nm deep. Based on the phase lock loop method (PLL)
described in ref 8, the resonant frequency of the nonporous
nanomechanical device was measured to be 10.45 MHz at
atmospheric pressure and at a temperature of 298 K. Under the
same conditions of pressure, temperature, and drive, the resonant
frequency of the porous nanomechanical devices were found to vary
depending on the porosity of the nanomechanical beam with
decreasing frequency for increasing porosity. These values are listed
in the Supporting Information in Table SI.

B RESULTS AND DISCUSSION

Vapor adsorption tests to demonstrate the increase in
adsorption capacity were performed using five different volatile
organic compound (VOC) mixtures containing benzene,
toluene, and xylene. The mixtures were sent through a
standard gas chromatograph (GC) with output stream split
to deliver eluant equally to the NOMS sensor chip and the GC
flame ionization detector (FID). All samples used in the
experiment were measured in mg/mL with hexane used as the
solvent, and their concentrations are listed in the Supporting
Information in Table S2. We measured the FID response from
the Gas Chromatograph (Agilent 6890N network GC system),
the NOMS mechanical response, and the optical microring
resonator response. For a detailed description of the
significance of each of these responses, please refer to our
earlier work.® The microring resonator probes the index of
refraction of the gas and its response was used to calibrate the
analyte gas-phase concentration in parts-per-million (ppm) at
the chip surface following the procedure outlined in ref 8. The
NOMS responds as a frequency shift Af due to mass loading of
analyte on the cantilever and is represented normalized to its
resonant frequency f (in parts-per-million, ppm, Hz/Hz).
Figure 2a shows the nanomechanical (NOMS) response to
identical GC runs for the four different porosity devices. It is
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Figure 2. (a) Time traces of the fractional frequency shift (Af X 10%/
f) of the nanomechanical beam of different porosities (for benzene
and toluene adsorption) filtered over a time period of 0.5 s for clearer
visual presentation. The porosities are denoted by the molar
concentration of the oxidant (V,05) in solution. Increasing
concentration implies increasing porosity. Data presented in (a) is
for sample S4, where 1 uL was injected and a split ratio of 10:1 was
maintained in the GC system. Peak fractional frequency shift response
of the NOMS (in ppm, frequency shift) at different analyte
concentrations for different porosities is presented for (b) benzene,
(c) toluene and (d) xylene.

immediately clear that there was an enhancement for the
porous device signals with the absolute signal increasing with
increasing porosity. This is in contrast to the microring
response (see Figure S2, Supporting Information) that showed
no dependence with respect to porosity, which was as expected
since the rings were not stain etched. Figure 2b—d confirmed
the behavior with detail of the NOMS peak signal vs
concentration for benzene, toluene, and xylene, respectively,
for the four different porosities. Overall signal responsivity (the
slope of frequency shift vs concentration) improved with
porosity.

To further elucidate this point, we define a signal
improvement ratio (SIR) for the NOMS signal

SIR = (Af/f)porous
(Af/f)nonporous (1)

and present the result in Figure 3a. SIR values sort neatly into
three bins based on oxidant molarity (and therefore device
porosity) for all analytes and concentrations. Improvement is
just over 2X, 6X, and 10X for slightly (77 mM), moderately
(174 mM), and fully porous devices (228 mM), respectively.
The fully porous cantilever produced an impressive 10-fold
increase in VOC adsorption signal compared to its nonporous
counterpart. This is significant considering previous attempts
using porous NEMS structure based gas/vapor phase
sensing'*~*" achieved only a 2—3X improvement in signal
sensitivity. This kind of substantial increase should translate
directly into a similar improvement in sensor performance and
validates the efficacy of our sensing enhancement approach.
Further analysis will confirm this enhancement while clarifying
the mechanisms.

The signal derives from mass loading on the sensor device
and is generally described according to the following
relationship for small mass changes: Af/f = —Am/(2M).
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Figure 3. (a) Signal improvement ratio (SIR) and (b) mass
adsorption ratio (MAR) for nanomechanical beam for various analyte
concentrations and different porosities. Only those analyte concen-
trations that can evoke a clear real-time response from the nonporous
nanomechanical beam are represented here.

Two distinct effects therefore contribute to the signal increase
for the porous devices compared to nonporous. First, increase
in adsorption sites in the higher porosity structures leads to
increased adsorption (an increase in the amount of analyte
sticking at a given concentration) and an increase in mass
loading Am. Second, the effective mass M of the porous
devices decreases due to the pore voids. This second effect can
be cast as an increase in mass responsivity R,, of the porous
sensors (one obtains more signal for the same mass load),
which we define as (in units of ppm/ag)

RO

R =
Am 2M ¢

m

B ®

These two contributions can be separated using information
about the device properties to extract the effective mass. In
particular, the effective density (and porosity) is extracted. A
least-squares fitting procedure combined with COMSOL
numerical modeling was undertaken (detailed in the
Supporting Information) to determine the density of the
porous cantilevers. Effective densities (porosities) of 79%
(21%), 48% (52%), and 28% (72%) of the bulk density of
silicon (2320 kg/m®) were found for devices 2, 3, and 4,
respectively. The values produce an effective mass (= 0.245 X
volume,,yiever X Pefiectivecant)y Which is smaller than the effective
mass of nonporous device by a factor of 1.27, 2.09, and 3.51 for
devices 2, 3, and 4, respectively. The result is that mass
responsivity can be calibrated; we found that it grew with
porosity starting at 8 ppm/ag for the nonporous device and
ending at 28 ppm/ag for the fully porous one. The signal
improvement between these two devices was a factor of 10.31,
while the mass responsivity increase was only a factor of 3.51.
Therefore, we infer that the remaining factor of 2.89 must be
accounted from an increased amount of mass Am from
increased adsorption onto the fully porous device. This
discussion is summarized in Table 1. The inferred increased
adsorption in the porous devices is plotted as the mass
adsorption ratio (MAR) (AmPomus/ Amnonpomus) in Figure 3b.
There was increased adsorption on the porous devices,
saturating at a ratio of about 3 for the moderately and fully
porous devices. We postulate that these two devices may have
similar surface areas. This is not unreasonable for the random
pore morphology as an equilibrium could be reached where
extra etching removes surface area as quickly as it adds surface
area once the etch depth accesses the majority of the device
volume.
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Table 1. Important Gas Uptake Parameters for Devices
Etched in Different Porous Etchant Concentrations”

device SIR R, (ppm/ag) NR, IAR LOD (ppm) LIR
1 8 1 1 11.4 1
2 22 10.2 1.3 1.8 9.5 12
3 6.3 16.8 2.1 3.0 3.2 3.5
4 10.3 28.1 3.5 29 1.9 6

“limit of detection (LOD) values (ppm, concentration) were
measured experimentally with benzene. Effective mass of the
nonporous mechanical beam (M,gonporous) = 62 X 107 g. All the
values are rounded to first decimal digit. SIR, signal improvement
ratio; R, responsivity; NR,, normalized responsitivity (Rm'Pomus/
Ry nonporous); AR, inferred adsorption ratio (SIR/NR,,); LIR, LOD
improvement ratio. Device 1, nonporous; device 2, 77 mM (slightly
porous); device 3—174 mM (moderately porous); device 4, 228 mM
(fully porous).

To confirm that the performance of porous devices is
actually better than the nonporous one, we compare the four
devices by their limit of detection for benzene. Benzene is
chosen due to its weak adsorption affinity to minimize bias due
to chemical affinity. The analyte concentration was lowered in
steps until no obvious peak was evident at the expected elution
time during visual inspection of the NOMS signal. This
procedure is shown graphically in Figure 4a. The last
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Figure 4. (a) Mass detected vs benzene gas phase concentration at
different porosities. (b) Comparison of Allan deviation between a
nonporous (device 1) and a fully porous mechanical beam (228 mM
porous, device 4) under identical drive conditions. The Phase Lock
Loop (PLL) bandwidth used was SO0 Hz. The Allan deviations at two
time stamps relevant to thermomechanical noise (z = 50 ms) and gas
adsorption time scale (7 = 1 s) is presented. The bumps in Allan
deviation at sampling time less than <50 ms are essentially harmonics
of power line at multiples of 60 Hz.

concentration step with an obvious NOMS peak was

considered the LOD and is summarized in Table 1 where

LOD,

honporows g
LOD, '

porous

we define the LOD improvement ratio LIR =

LOD does improve with porosity, by as much as a factor of 6
for the fully porous device. In fact, LOD values for toluene and
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xylene adsorption on device 4 (not shown) reached the
remarkable levels of 60 and 20 ppb, respectively.

While this performance is impressive, the question remains
as to why LIR values are different than SIR values with the
former at slightly more than half the latter. Insight can be
obtained by comparing the Allan deviation between the fully
porous and nonporous devices. Allan deviation is defined as

2 f n+1 f

notes averaging over the n-th observation time interval 7 and
the (---) denotes expectation value; it is a standard metric for
estimating the minimum values of Af /f that can be extracted
out of noise. Figure 4b shows the measurements of Allan
deviation for devices 1 and 4 (nonporous and fully porous)
taken under identical conditions. For 7 & 1 s to 60 s, the
porous device has a poorer value of ¢ by about a factor of 2.
This is a reasonable explanation for why LIR is about 1/2 the
value of SIR because the time-scale of importance in Figure 2a
is around 1 s. The long-7 behavior in the graph is consistent
with thermal drift from temperature fluctuations. Having a
smaller thermal mass, the porous device is more susceptible to
temperature changes. It is interesting to note that the two
curves cross and the porous device performs better at short-7.
If eluent peaks could be sped up to be ~0.05 s (50 ms) widths,
the porous device would improve its LOD about another factor
of 4. This improvement could generally be expected in moving
from nonporous to porous devices because the dynamic range
of the porous devices, defined as the power ratio of driven
mechanical amplitude over noise amplitude, tended to
outperform the nonporous device. The dynamic range is the
most important feature in setting the noise levels for shorter
sampling times.”° A more detailed note on the effect of
temperature fluctuations, thermal mass, dynamic range, and
quality factor of the nanomechanical device on the Allan
deviation is given in the Supporting Information.

Finally, we double check the consistency of the LOD
measurements by comparing them to the Allan deviation.
Table 2 shows ¢ and m(7) = 2M.0(7) along with the LOD

o(r) =

2
] , where the bar de-

~
~

Table 2. Comparison of Mass Sensitivity between Devices
Etched in Different Porous Etchant Concentrations”

Or=1s X Or-00s5 X OMape1s  OMapcooss  Amiop
device 1077 10~ (zg) (zg) 2g)
1 7 6 87 75 342
4 12 3 43 11 208
porous/ 1.7 0.5 0.5 0.1 0.6
nonporous

“Limit of detection (LOD) values in mass were measured
experimentally with benzene. All the values are rounded to first
decimal digit/nearest integer. Allan deviation based mass sensitivity
(6map =19 OMap r-00ss), experimentally measured mass shift using
benzene (Amop) are expressed in zeptograms (zg). Device 1,
nonporous; Device 4, 228 mM (fully porous).

expressed as mass (cf. Figure 4a) for the nonporous and fully
porous devices. The ratios of these values between the two
devices are also presented. The ratio of 5m values at 7 =15 (a
ratio of about 0.5) is similar to the ratio of Amygp as we
expect. The 7X improvement in mass sensitivity for the porous
device at short time scale is also evident. The mass LOD
(Amyop) is about S times that derived from Allan deviation,
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Am =~ 56m, which is consistent with requiring visual
identification of a clear peak out of the background.

B CONCLUSION

In conclusion, using electrodeless porous etching, we have
enhanced the signal sensitivity of nanomechanical mass sensors
by 10-fold while preserving the universality of the NOMS
sensing surface. These nanocantilevers were fabricated using a
simple, controllable, and localized stain etching procedure on
silicon cantilevers, which protected photonic elements on the
same chip. We determined that the signal enhancement
combined effects of adsorption increase and mass responsivity
increase. The enhancement delivered limit of detection
improvement as large as a factor of 6. Noise analysis confirmed
the findings and pointed to further gains available from
speeding up the gas concentration characteristic time response,
a feature readily achievable as well as desirable in standard and
micro-gas chromatography. Further gains in specificity and
adsorption uptake can be achieved by coating the porous
nanomechanical device with appropriately chosen sensing
layers, a path for future exploration. Given the promising
results, an area of future work would be to quantitatively test
the process variability to ascertain the chip to chip variability.
Such results can be used for validating the performance
enhancement of nanomechanical sensors for applications in gas
sensing, gas chromatography, and mass spectrometry.
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