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Abstract: Through a controlled variation of the applied current during porous silicon formation,
newly developed processes enable previously unattainable structural integrity of all-mesoporous
silicon microelectromechanical systems (MEMS) structures. Such structures are desirable for
applications such as sensing where the large surface area and low Young’s modulus of the high
porosity layer enable ultra-high sensitivity detection of adsorbed species. In this work,
micromachined all-mesoporous silicon microbeams were released, allowing both the dynamic
and static sensing modes to be studied using such porous structures. Resonant frequencies (50-
250 kHz) of released doubly clamped porous silicon microbeams were measured, allowing
mechanical properties to be extracted. Static mode sensing of vapour at the 1100 ppm level was
also performed, with the released porous silicon cantilevers showing a significant 6.5 pum (3.7%

of a 175 um beam length) and repeatable deflection after exposure.
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1. INTRODUCTION

Porous silicon (PS), a form of silicon that has nanopores introduced into its microstructures, is
generally formed by electrochemical anodisation of crystalline silicon in a HF/Ethanol solution
[1]. PS has been exploited in various sensing applications utilising solvents for proof of concept,
with the transduction based on changes in optical reflection [2, 3], diffraction [4], waveguide
transmission [5], photoluminescence [6] or electrical characteristics [7]. These studies have
recognised that the large surface area [8] of the porous film significantly enhances the sensitivity,
enabling the capture of biological molecules [9, 10] or adsorption of gas/liquid [11, 12] at very
low detection limits. In addition, for optical applications the tuneable refractive index of the
porous films [13] makes PS an excellent platform for fabricating optical structures with
controllable reflectance or transmittance [14-19]. However, despite the above published
preliminary studies, to date no viable uniform porosity PS-based sensor that is compatible with
microelectronic fabrication methods is available to support a scalable, low cost technology.

Sensing using micromachined devices, also referred to microelectromechanical systems
(MEMS), has opened up opportunities for a new class of sensors which can be electrically
actuated and electrically/optically integrated [20]. These sensors are typically microbeams made
from bulk (non-porous) structural layers, which have been released from the underlying substrate,
allowing them to deflect or vibrate in response to environmental changes. To achieve the lowest
zepto-gram (102Y) detection limits [21], these MEMS microbeams must operate at high
frequency, which requires very small microbeam dimensions. However since these sensors can
only respond to adsorption on the exposure surface, reducing size to achieve high frequency
operation also limits the available surface area. We have recently demonstrated released all-PS

MEMS made from a porous silicon structural layer with controllable porosity [22, 23] where the



porosity control was achieved through varying the current during anodization. This process
opens new opportunities to increase the ultimate limit of detection of these micromachined
sensors through the increased surface area of the films. Fernandez et al. [24] found that even a
thin porous silicon on a polysilicon cantilever showed significant improvement due to the
increased surface area for species attachment.

To achieve chemical and gas sensing through adsorption, MEMS sensors operate via one of
two modes, namely static mode (typically detection of height change) [20] and dynamic mode
(typically detection of motion/resonance). In the static mode, the deflection of the microbeam
due to stress changes induced by analyte adsorption is measured using optical readout techniques
which enable extremely high precision sensitivity to be achieved. Deflection due to the mass
change associated with adsorption is generally considered negligible since inertial (gravitational)
effects depend on density and volume, which for bulk materials contribute little at the
microscale. Whilst static mode is very sensitive and often used in AFM readouts, the size of the
read-out system limits the number of MEMS devices that can be addressed simultaneously. In
the dynamic mode, measurement of the resonant frequency of the beam is performed, and
leveraging integrated electronics and/or optics can allow simultaneous interrogation of a large
number of such sensors, providing opportunities for multi-analyte sensing [25]. This mode
usually senses the change in the resonant frequency of the beam due to analytes that become
adsorbed to the exposed surface. Importantly, the sensitivity of both static and dynamic read-out
methods are limited by the exposed MEMS surfaces onto which a species can adsorb/desorb.

In this work, we demonstrate both static and dynamic mode operation of MEMS structures
formed wusing porous silicon, which provides an extremely large surface area for

adsorption/desorption of species. The key to achieve this has been the formation of low stress all-



porous-silicon microbeams. Furthermore these microbeams are fabricated with standard
photolithography-based processes, which combined with the underlying silicon platform,
provides a path to a scalable, low-cost technology. The outcomes provide significant
opportunities for low-cost high sensitivity sensing, beyond that which is possible with existing
technologies.

2. METHOD

For the PS film fabrication, room temperature anodization was performed on moderately
doped p-type (100) silicon wafers with resistivity of 0.08-0.12 Q-cm. The electrolyte used during
anodization was 15% HF/ethanol solution, and the current density and anodization duration was
chosen to achieve the desired porosity (P) and thickness (t) control. For this work the current
density during anodization was carefully controlled to create PS films with little or no vertical
stress gradient [22], achieving a film with an average porosity P=73+£1% and physical thickness
of t=2.5£0.1pum. Under these condition a meso-PS film was achieved with pore sizes ranging
from 2-50 nm, as shown in Fig. 1(a)-(b). After formation, the PS film was subsequently annealed
in a Ny atmosphere at 600 °C for 6 min at 1000 sccm. The annealing process is critical as it
makes the PS film stable (preventing ageing through oxidation) as well as suitable for direct
photolithography processing using alkaline developer [26]. With films formed in this manner,
comprehensive micromachining processes including photolithography, inductively coupled
plasma reactive ion etching (ICP-RIE), repeated photolithography, electropolishing and critical
point drying were able to be applied to successfully achieve a high yield of fully released PS
microbeams suspended above the Si substrate. Fig. 2 shows images of fabricated and released (a)
PS doubly clamped beams and (b) PS microcantilevers of different length which are curved

slightly due to residual stress gradient. Both the doubly clamped beams and microcantilevers



were fabricated with a designed air gap of approximately 2.5 um which was controlled by the
electropolishing duration. Variations in the released height of the beams shown in the inset of
Fig. 1 are due to residual stress near the edge and process variations during electropolishing.
Larger gaps are possible but require improved anchors and reduced undercut. Full details of
these structures and their characterisation have been previously reported [22].

Both of the two previously described major read-out methods, dynamic mode and static mode,
were employed in characterising the PS-MEMS structures in this work. In the dynamic mode,
measurement of the resonant frequency for the released PS microbeams was carried out with a
laser Doppler vibrometer system as schematically illustrated in Fig. 3. The sample was actuated
through a piezoelectric element attached to the substrate which was driven by a function
generator (Agilent 33220A). The function generator was controlled through a Labview
programme to slowly apply a swept sine-wave over a selected frequency range to actuate the
sample. The time-domain output of the laser Doppler vibrometer (Polytec OFV-5000) was
measured using a digital oscilloscope (Rigol DSO 5014A), which provided a measure of the
deflection of the microbeam at each frequency of the function generator. During the
measurements, the sample was kept in a vacuum chamber which was maintained at a pressure
below 6.0x107 Torr. The vacuum environment was important to eliminate the effect of squeezed
film damping [27] which can suppress the resonance of the vibrating beam. However an
advantage of our fabrication process is that the air gap under the beam can be controlled by the
duration of the electro-polishing release step. Where a gap of more than 10 um can be achieved,
squeezed film damping effects are considered negligible, allowing these measurements to be
performed in subsequent studies under ambient conditions without the need for a vacuum

chamber.



The laser Doppler vibrometer utilised a differential fibre probe, which provided a measurement
and reference laser beam which could be independently positioned on the sample as viewed
through the microscope. The reference beam of the laser Doppler vibrometer was reflected off
the silicon substrate while the measurement beam was reflected off the PS microbeam. This
ensured that the measured signal from the vibrometer was due only to the microbeam
displacement induced by the piezoelectric actuator and did not arise from other sources. Both
velocity and displacement of the microbeam could be measured in real-time through the
vibrometer controller.

During static mode measurements of our sample, the height change of PS microbeams was
measured using a non-contact optical profilometer (Zygo NewView™ 6000). Fig. 4 shows a
schematic of the experimental setup in which sensing of isopropanol vapour using a PS
microcantilever was carried out. This is the first time vapour sensing using comparable porous
micromachined structures has been achieved. Initially the PS microbeam was enclosed on the
optical profilometer measurement stage inside a chamber, without vapour, and the height of the
PS microbeam was measured as a reference. Subsequently, a drop of isopropanol of fixed
volume was deposited near the PS microbeam through a pipette, as shown in Fig. 4(a). The drop
of isopropanol (50 ul) in the chamber (volume 44.5 cm®) resulted in a vapour density of 1100
ppm by volume (1.1x107 ml/cm?, ~1.5 x10®° mol/cm?®). After 15 min, all the solvent evaporated
and was partially adsorbed by the PS microbeam. The cover of the chamber was subsequently
opened for immediate measurement of the deflection. The deflection measurements were
performed at regular time intervals with the optical profilometer. The height change (44) of the
microbeam after adsorption is illustrated in Fig. 4(b).

3. RESULTS AND DISCUSSION



3.1. Resonant frequency measurement in dynamic mode

Dynamic measurements in this study were designed to determine the resonant frequency
variation with length, allowing Young’s modulus (Eps) and stress (o) of the beam to be extracted.
Stress is an important parameter to examine as changes to the stress due to adsorption directly
affect the resonant frequency. As such, characterisation of the resonant frequency is essential to
validate the sensing platform before adsorption based studies could be performed. The
displacement-frequency spectrum of PS doubly clamped microbeams with different lengths (L)
was measured as shown in Fig. 5. The all-PS microbeams were fabricated through the processes
detailed in Section 2. All microbeams were of the same width W=20 pum and t=2.5 um thickness,
with lengths ranging from L=200 um to L=450 pum. The fundamental resonant frequency (f;) of
each microbeam was identified from the highest peak in the spectrum for each corresponding
measurement. The measurement results in Fig. 5 show that the lowest (fundamental) resonant
frequency f; decreased with increasing microbeam length. The fundamental mode exhibits a high
signal to noise ratio compared with the background noise. While a single resonant peak is
expected, in some cases a secondary peak very close to the first is observed. This secondary
peak is attributed to the imperfect boundary condition caused by the undercut during
electropolishing. As the length increases, a second peak well away from the fundamental mode
frequency is observed at higher frequencies, as shown in Fig. 5(c). The second longitudinal mode
is expected at 2.5 times the fundamental frequency [28] which is consistent with our measured
data in Fig. 5(c) where the measured ratio is 2.3. However as discussed below, beams above
300 um exceed the Euler buckling limit, so that stable oscillation at well-defined harmonic
frequencies no longer occurs. This is evident for the 400 um beam measured in Fig. 5(d), for

which the ratio of fundamental frequency to the second harmonic is 3.6, well away from the



expected value of 2.5[28]. As reported before, the residual stress present along the axial
direction of microbeam will change its resonant frequency [29], thus the measured results and
theoretical frequency considering 1.1 MPa tensile stress in the PS film after HF immersion (as
reported in our previous work [23]) are compared as shown in Fig. 6. The plot shows that the
measured frequency of PS microbeam is consistent with theoretical data, though a small change
in stress could result in significant shift of the frequency. Therefore, it is necessary to investigate
the effect of residual stress on resonance of PS microbeams.

The known linear relationship between L and f,’L? , from the work of Zhang et al. [30],
allows the Young’s modulus and stress to be extracted from measured data. We have reworked
this relationship to provide net effective stress allowing the data to be more directly compared to

measured data and comparable Euler buckling stress. This relationship is given by [30]:

2
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The first line of Eq. (1) arises from Zhang et al. [29] where pp is the density of PS given by
psi(1 — P), and py; is the density of silicon (2.31 gm/cm®). The second line transforms the first
to provide o, which we define as a net effective stress parameter and is related directly to the

_ fiL?pps

measured resonant frequency of each beam through o, = 531 Fig. 7 shows the measured

data of net effective stress (om) as a function of L™ which allows the Young’s modulus and stress
to be extracted. Importantly we note the data deviates from the expected linear relationship. Also
overlaid is the stress which defines the Euler buckling limit for a compressed beam. The point at
which o, approaches zero corresponds to the point at which the buckling stress exceeds the

mechanical strength (term 3.41t°Eps/L? in Eq. (1)), leading to erratic performance [28]. As a



result of this limit, high uncertainties exist in the region L? <8x10° um? in Fig. 5, so that only
data above these values were used to fit the data. Previous researchers have assumed tensile
stress is required in beams for this analysis to work, however compressive stress is permitted up
to the Euler buckling limit.

While a stable low tensile stress (+1.1 MPa) is expected from N, annealed PS film (P=81%),
HF immersion can degrade the passivation and alter the stress [31]. Because the final process
step was electropolishing via HF immersion, it is likely the passivation was degraded, leaving the
PS vulnerable to oxidation. As this sample was exposed to air for approximately 3 days during
the measurements, oxidation would have been very likely. The presence of a slight compressive
stress (decrease in tensile stress) in the PS film is consistent with oxidation. The results of these
studies indicate further process improvements are required to improve the performance of these
structures when measured using the dynamic mode of operation.

Using this model, the residual stress and Young’s modulus of the PS film were extracted,
yielding a residual (compressive) stress of ¢=-1.00+0.13 MPa, and a Young’s modulus
Eps=7.96+0.01 GPa, with a 95% confidence interval for the uncertainties calculated. The residual
stress results in an initial offset of the resonant frequency which is further shifted by adsorption.

The shift in frequency from the stress-free state is given by:

Af oL?
—| =015%———"7—
filpg * t?Egi(1-P)3

)

where this form is valid for small shifts from the resonant frequency f; and the relationship
between Young’s modulus and porosity used is Eps=Esi(1-P)® where Eg; is the modulus of bulk
silicon, 163 GPa [32]. Compared to the shift for a bulk silicon vibrating beam (P=0), the

expected shift induced by adsorption for PS microbeams of porosity P=73% is 50 times greater,

indicting the significant improvement possible with porous MEMS.

10



3.2. Vapour sensing in static mode

Both released PS microcantilever and doubly clamped microbeams were tested via the static
deflection read-out mode for the ability to sense solvent vapour. The evolution of the deflection
height (0) during the testing of both types of microbeam is plotted in Fig. 8(a)-(b). The cantilever
had dimensions of (L=175 pum)x(W=30 um)x(t=2.5 um), and the deflection ¢ was measured at its
tip. The doubly clamped microbeam had dimensions of (L=300 um)x(W=30 um)x(t=2.5 um),
and the height was measured at the centre of the microbeam. As shown in the plots, both the
cantilever and doubly clamped microbeam exhibited a significant height change after being
exposed to isopropanol for 15 min, with a maximum deflection of 6.5 um for the cantilever and
0.6 um for the doubly clamped microbeam. The cantilever deflection measurements shown in
Fig. 8a show an exceptional deflection of 3.7% of the beam length from a single exposure, and
sensitivity of 5.9x10°° pm/ppm at vapour density of 1100 ppm. Isopropanol has a relatively low
surface tension of 0.023 N/m, and at the concentrations used here, is expected to completely
cover the surface of the beam. By way of comparison, studies using myoglobin protein which
produced a large surface tension of 0.05 N/m resulted in only 0.89 um deflection in extremely
long (500 um) and wide (100 um) beams [33, 34]. Even with considerable alteration of this
geometry, a simulated deflection of only 1.62 pm was estimated under similar conditions [34].

The high cantilever deflection is a key characteristic of these porous structures and is due to
the stress gradient change within the porous microstructures, induced by the adsorption of the
isopropanol. Both the very low Young’s modulus (compared with traditional MEMS materials
such as silicon and SiNy) and the large surface area contribute to the high sensitivity. To

understand this, consider the deflection (L) at the cantilever end given by [35]:

s(L) =22 )

2EI
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where the M is a concentrated end bending moment (due to stress gradient), E is the Young’s
modulus and I is the moment of inertia of a beam given by I=Wt/12. Using the Young’s

modulus for porous silicon given by Eps=Esi(1-P)* the deflection can be written as:

5 6ML? ( 4)

= Egi(1-P)3Wt3

Compared with a silicon microcantilever (P=0), our porous silicon microcantilever with a
porosity of P=73% is expected to have 50-times greater deflection, making any slight changes in
analyte adsorption considerably easier to detect. This analysis also suggest that both static and
dynamic mode sensing achieve the same order of improvement in sensitivity through the use of
porous MEMS. This significant increase in deflection does not take into account the additional
increase in deflection due to the larger surface area available in the porous beams. The available
surface-area-to-mass of a bulk silicon microcantilever of the dimensions used in Fig. 8(a) would
be 0.38 m%/g, compared to an estimated surface area greater than 500 m%g for porous silicon [36].
The deflection observed in our porous silicon MEMS cantilever is equivalent to an end moment
of M=55 uN-um using Eq. (4). For comparison with the analysis by Ansari et al. [34], the
estimated end-moment in an equivalent bulk cantilever, due to the low surface tension of
0.023 N/m for isopropanol, is only 0.83 uN-um. Hence, the induced moment in the porous
structure is larger by a factor of 65, consistent with our estimation of greater than 50-times
deflection in the PS-MEMS cantilevers. As such the sensitivity of porous silicon sensors,
supported by our experimental data, is extremely high and raised questions regarding stability
and repeatability of the PS-based MEMS sensors. Therefore longer term studies were
undertaken.

After the PS microstructures had been exposed to air for considerable time (up to 7 days), the

heights were found to decrease by only a very small amount and they did not return to their
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original undeflected states. This suggests that the change caused by the isopropanol adsorption
results in a permanent change to the material. Between 4 hours to 48 hours exposure to air, the
microbeam height change was less than 0.8 pum, and between 48 hours to 7 days exposure to air,
approximately 0.2 um height change was measured. This indicates that the change in the film
properties caused by the vapour adsorption is much more significant than any change due to the
ambient exposure, such as oxidation or temperature induced changes. Compared to dynamic
mode operation which depends on residual stress that can alter significantly over time if the films
are not passivated, static mode measurements depend on stress gradient which appears much less
susceptible to change as a result of oxidation where the oxidation is uniform throughout the film.

In addition, these results show the height change after the isopropanol exposure is mainly due
to the solvent but not other factors. An acetone sensing experiment was subsequently carried out
on the same cantilever, which showed similar results to the isopropanol test but achieved a
maximum deflection of only 4.7 um. Interestingly the surface tension of acetone is 0.025 N/m,
which is comparable to isopropanol. The lower measured deflection may be due to the lower
affinity of acetone to form hydrogen bonds than isopropanol [37], or more rapid vapourisation
due to the 5 times higher vapour pressure of acetone compared to isopropanol at room
temperature.

To investigate the repeatability of sensing with the PS cantilever of size
175 pumx30 umx2.5 um, the sensing test as described before was performed multiple times.
After each period of vapour exposure, the height change achieved by the cantilever was
recorded, and subsequently the sample was rested in air for 7 days to ensure the height of the
microbeam had reached steady state. The height changes for each test are plotted in Fig. 9(a)-(c).

As seen in Fig. 9(a), the magnitude of the net step height change (steady-state value — initial
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value) of the PS cantilever decreased after each sensing test, becoming zero after the 4™ test and
5" test. This indicates that in the steady state the microbeam had reached the limit of permanent
height change due to the vapour adsorption and therefore no further structural change occurred.
Importantly, the change due to the vapour adsorption was significantly greater than any change
that occurred over the intervening 7-day period, suggesting the sensor was extremely stable. Fig.
9(b) also shows that for the 4™ and 5™ tests, exactly the same step height change (downward
deflection) of 1.4 um initially occurred, followed by a return to the same steady state position as
after the 3" test, after evaporation of the adsorbed vapour. This can also be seen from the
cantilever height change in the first hour of each tests as shown in Fig. 9(c), indicating the
microbeam reached a state of highly repeatable performance for vapour sensing. The most likely
cause of the downward, repeatable, net-zero height change is the contribution from the increased
mass and surface tension caused by the vapour adsorption (and then desorption/evaporation) in
each of these latter tests. For example, assuming the entire air volume of the beam with 73%
porosity is filled with isopropanol, the change in mass is approximately 10 ng so that the
distributed force along the beam would account for 20% of the downward deflection. This
indicates that unlike for the case for MEMS fabricated from bulk materials with large modulus
where the effect of mass is negligible, the same is not true for porous MEMS. However, the
mechanism that leads to initial, permanent net cantilever height change which then saturates is
still under investigation and outside the scope of this report.

The results indicate nonetheless that monitoring deflections in the PS-MEMS cantilever height
offers great promise for measuring very small mass changes. It provides significant opportunities
for improving the sensitivity in ultra-small concentration sensing, and proves that released PS

microstructures fabricated in this work could be applied as chemical and gas sensors.
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4. CONCLUSION

Resonant vibration measurements in dynamic mode and vapour sensing in static mode were
carried out on released all-PS microbeams. The highest ever reported resonant frequencies (5-
250 kHz) for PS microbeams were measured. Residual stress and Young’s modulus of PS films
were extracted from the resonant frequency measurements. A vapour density of 1100 ppm was
clearly detected with up to 6.5 pm of deflection which was 3.7% of the beam length, and found
to be stable for many days after exposure. This new, scalable MEMS platform provide

significant opportunities for low limit of detection, high sensitivity chemical and gas sensing.
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FIGURE CAPTIONS:
Figurel: Cross sectional SEM images of meso-porous silicon. (a) PS film formed on Si substrate;
(b) detailed pore size of PS film.

Figure 2: Angled view SEM images of released all-PS microbeams, beam voltage of 5 kV. (a)
Doubly clamped microbeams; (b) cantilevers.
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Figure 3. Schematic of laser Doppler vibrometer system for resonant frequency measurement of
the PS microbeams.

Figure 4. Schematic diagram of experimental configuration on optical profilometer stage for
sensing of vapour with PS microbeams. (a) PS microbeam (cantilever) kept with a drop of liquid
in the chamber, (b) chamber cover removed after completely evaporation of the liquid to allow
beam deflection measurement.

Figure 5. Resonant frequency of PS microbeams with different length (L), measured under
vacuum with a laser Doppler vibrometer, to show the read displacement (Dis.) with sweep in a
frequency range. (a) L= 200 pum, (b) L= 250 pm, (¢) L= 300 pum, (d) L= 400 pum.

Figure 6. Comparison of measured results and theoretical model of frequency of PS microbeams.

Figure 7. The relationship between L (inverse beam length squared) and the net effective stress
determined from resonant frequency measurements of doubly clamped PS microbeams.
Experimental data (red circles) is fit with a linear regression for all beam lengths shorter than 350
um (L?>8x10° um™), from which the compressive stress could be determined. The stress
corresponding to the Euler Buckling limit is also shown (red solid line). The compressive stress
in larger beams is affected by the Euler Bucking Limit giving rise to large uncertainties in the
region L2<8x10° um).

Figure 8. PS microbeam height evolution after isopropanol adsorption and subsequent exposure
to air. (a) Cantilever tip height change; cantilever length of 175 um. (b) Doubly clamped
microbeam centre height change; microbeam length of 300 pum.

Figure 9. Repeated tests on PS cantilever for isopropanol sensing. (a) Change in cantilever tip
height over time for the duration of each test, (b) the maximum step height change after exposure
to isopropanol in each test, (c) comparison of PS cantilever height change for the first hour in
each test.
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