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ABSTRACT OF THE THESIS

Evaluation of Porous Silicon - Perfluorinated Polymer Composite

Sensors and Optimization of Porous Silicon Microparticle Synthesis

by

Rhiannon Marie Kennard

Master of Science in Chemistry

University of California, San Diego 2016

Professor Michael J. Sailor, Chair

Porous silicon photonic crystal-poly(vinylidiene fluoride) polymer composites

were synthesized to fabricate a sensor exhibiting tunable hydrophobicity and stability in

basic conditions. Poly(vinylidiene fluoride) polymer was infiltrated into porous silicon

xii



photonic crystals via the melt-cast method. Partial removal of the hydrophilic silicon
template enabled tuning of the hydrophobicity of the silicon-polymer composites over a
water contact angle range of 60°-110°. The composites exhibited much greater stability at
pH 12 than did the free-standing porous silicon templates. The mechanism of dissolution
of the silicon template was examined. In a separate study, perforated etching of silicon
wafers was assessed for high-yield preparation of porous Si microparticles, with a focus on
optimizing ultrasonication conditions. The effects of increasing the amount of cavitation
on particle size and size distribution were assessed. Concentration of films during
ultrasonication and duration of ultrasonication on particle were systematically investigated
for efficient synthesis of ~70em particles. The effects of pre-treatment by mechanical

crushing on nucleation uniformity, on yield, and yield reproducibility were also assessed.
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CHAPTER ONE.

EVALUATION OF POROUS SILICON T PERFLUORINATED

POLYMER COMPOSITE SENSORS



1.1 Introduction

Porous silicon (pSi) photonic crystals are attractive materials for sensing
applications due to their low cost ! and to the ease with which the material can be
functionalized. **23%° pSi nanostructures also exhibit very high available surface area for
analyte adsorption (up to a few m?/cm?3), 3 and thus have very high sensitivity. PSi is an
attractive template for polymer infiltration due to the wide variety of pSi nanostructures
that can be fabricated, each with highly tunable porosity and thickness. & 78 910

Rugate pSi nanostructures are useful for vapor or volatile organic compound (VOC)
sensing applications because they provide a simple, sensitive and inexpensive means to
detect the analyte, 2 11121314 15 A pSj rygate filter is a one-dimensional structure
consisting of alternating layers of low and high porosity, such that the pore wall has a
sinusoidal shape. © Light reflected off this surface constructively interferes, giving the
surface a bright color in the visible range of the spectrum. Infiltration of materials with
different refractive indices causes the photonic stop band to reversibly shift, enabling
detection of a variety of analytes, 12 11 12.13, 14,15

Sensitive detection of vapors or volatile organic compounds (VOCs) typically
involves tailoring the surface chemistry of the pSi layer to the specific analyte. > Salonen
and co-workers found that acetylene-carbonized pSi sensors exhibited different sensitivity
to water vapor, with sensors carbonized at higher temperatures exhibiting greater
hydrophilicity. ** Ruminski and co-workers found that heptane was more sensitively
detected using a low-temperature acetylene-carbonized porous silicon surface, whereas a

more hydrophilic oxidized surface yielded better detection of isopropyl alcohol.®> While



these methods are simple and efficient, different functionalization methods are still
required to sensitively detect analytes with different hydrophobicities.

Successful fabrication of pSi gas sensors also involves stabilizing the surface of
porous silicon, because freshly-prepared porous silicon is unstable in aqueous or
environmental conditions. ® * > Carbon coatings provide an attractive solution to this
issue, as they create a physical barrier between the unstable pSi surface and the
environment. Salonen and co-workers were able to reversibly detect amine compounds
using carbonized pSi sensors, which is remarkable given that basic compounds are known
to degrade pSi. > An alternate approach involves fabricating polymer replicas of porous
silicon photonic crystals. X Replicas are typically made by melting a polymer into the pSi
structure (the fimelt-castdo method), or by polymerizing a precursor in the pSi structure. The
silicon template is then dissolved, leaving a polymer with a structure complementary to
that of the template. This approach circumvents the stability issues surrounding pSi
sensors, as many polymers are much more durable in aqueous or environmental conditions
than porous silicon, exhibit affinity towards volatile organic analytes, and provide greater
mechanical stability and flexibility than pSi sensors. & 1% 1 In previous studies,
poly(furfuryl alcohol) replicas of porous silicon rugate filters successfully detected toluene,
methanol, hexanes, and ethanol. 1

In this work, we present a pSi-polymer composite sensor exhibiting tunable
hydrophobicity. We used the melt-cast method 8 to infiltrate poly(vinylidiene fluoride) into
a porous silicon rugate filter and tuned sensor hydrophobicity by slowly dissolving the
porous silicon template, thereby increasing the fraction of hydrophobic polymer in the

sensing layer. The sensor exhibited much greater stability at high pH than did the control



porous silicon template, and was also much more mechanically robust. We anticipate that
this work will provide a simple method to tune the hydrophobicity of polymer replica

sensors to increase sensitive detection of a variety of analytes.



1.2 Experimental Section
1.2.1 Materials

Poly(vinylidiene fluoride) (analytical standard for GPC, with average
180,000g/mol Mw) beads were purchased from Sigma-Aldrich Chemicals. Silicon wafers,
highly boron-doped (resistivity < 0.0015 -cm), polished on the (100) face, 525 + 25 pm
thick were purchased from Virginia Semiconductors.
1.2.2 Fabrication of Porous Silicon Templates

Porous silicon rugate photonic crystals were electrochemically etched using a 3:1
(v:v) solution of 48% aqueous hydrofluoric acid:ethanol electrolyte (CAUTION: HF is
highly toxic and proper care should be exerted to avoid contact with skin or lungs),
platinum counter electrode, and a sinusoidal current density-time waveform of 25-100
mA/cm? for 240 repeats and a ~5s period. The porous films were lifted off the substrate
using a current density of 10 mA/cm? for 300 s in a 1:15 (v:v) solution of 48% aqueous
hydrofluoric acid and ethanol electrolyte. Scanning electron microscopy (SEM) images
indicated that the freestanding films were approximately 42um thick, and from that the
porosity was calculated to be 53% porosity using the SLIM method (with ethanol as the
filling liquid).® Samples were then thermally oxidized at 500°C for three hours in air in a
tube furnace. The thickness of the oxidized films measured by SEM was 46um, and from
that the porosity was calculated to be 43% using the SLIM method (with ethanol as the
filling liquid) and a layer refractive index of 2.°
1.2.3 Fabrication of Porous Silicon - Poly(vinylidiene fluoride) Photonic Crystals

Composite photonic crystals were synthesized using the melt-cast method.®

Poly(vinylidiene fluoride) beads were melted into disks of ~1cm diameter for ease of use.



The disks were then placed on top of a freestanding pSi film. The poly(vinylidiene fluoride)
and pSi assembly was placed on a hot plate at 240°C for 1.25 hours to allow the polymer
to infiltrate. The pSi template was slowly removed by dissolution in a 0.05M potassium
hydroxide solution (10% ethanol in water). ° Ethanol was added to the KOH solution to
improve wettability of the composite and enhance reproducibility of the dissolution. All
characterization (infrared spectroscopy, optical characterization, electron microscopy,
contact angle) was performed on the side of the film opposite to the side on which the
PVDF was placed.
1.2.4 Infrared Spectroscopy

Selective dissolution of the silicon template from the pSi-PVDF composites was
determined by attenuated total reflectance (ATR) Fourier transform-infrared (FTIR)
spectroscopy using a Thermo Scientific Nicolet 6700 FTIR spectrometer fitted with a
Smart iTR sampling accessory. Spectra were acquired from 650 to 4000 cm™, with an
average of 128 scans and a resolution of 4 cm™.
1.2.5 Optical Reflectance and Transmission Characterization

Reflectance spectra were acquired using a CCD spectrometer (Ocean Optics USB-
4000), a tungsten white light source (Ocean Optics LS-1), and a bifurcated fiber optic cable
as described previously. ° One branch of the optical fiber was connected to the light source,
and the other end to the spectrometer. The branch of the fiber optic cable containing both
incoming and outgoing light was attached to a microscope objective lens to acquire
reflectance spectra perpendicular to the sample surface, with a spot size of ~Imm?2. A
Hydrogen-Deuterium light source (Ocean Optics DH-2000) and photomultiplier-tube

spectrometer (Ocean Optics QE65 Pro) were used for composites with stop bands below



460nm. Ocean Optics Spectra Suite software was used to acquire all spectra. Reflectance
spectra were taken in air, and also after dropping ethanol onto the samples. Average
porosity was obtained using the SLIM method (with ethanol as the filling liquid). °

Theoretical stopband position after PVVDF infiltration was calculated using a two-
component Looyenga model, as previously described. ® The average porosity of the
oxidized pSi template was calculated from SLIM to be 0.43 (43%), the oxidized pSi
skeleton index was assumed to be 2 and the PVDF refractive index was assumed to be 1.42.
The oxidized pSi skeleton index was calculated from the film thickness and from the
stopbands of the oxidized pSi in air and ethanol. The special periodicity dp of the layers in
the nanostructure was calculated by dividing the total thickness (46,000nm) by the number
of repeats (240), to obtain dp = 191nm. From these values, the theoretical stopband
wavelength asg, assuming 100% PVDF infiltration, was calculated from the 8sg = 2Navgdp,
where nayg is the average refractive index of the composite, calculated to be 1.45. ° The
percent PVDF infiltration was calculated as 100(tpaobs/(pa-caic), Where ga-obs is the observed
stopband shift and a-aic is the calculated stopband shift.

Transmission spectra were acquired using a CCD spectrometer (Ocean Optics
USB-4000), a tungsten white light source (Ocean Optics LS-1), and two non-bifurcated
fiber optic cables. One fiber optic cable connected the light source to a lens which focused
the light to a spot size of ~Imm? on the sample. The sample was held on a transparent
microscope slide. The second fiber optic cable was connected to the opposite side of the
sample so as to transfer the transmitted light to the spectrometer. A collimator was attached
to the second fiber optic to ensure that all transmitted light was collected. Ocean Optics

Spectra Suite software was used to acquire all spectra.



1.2.6 Scanning Electron Microscopy (SEM)

Films were imaged using a Scanning Electron Microscope (SEM - FEI XL30 with
accelerating voltage of 7kV and spot size of 3nm). Energy dispersive X-ray (EDX) analysis
was performed on the same instrument, with an accelerating voltage of 20kV and a spot
size of 4nm. The samples were first sputter-coated with iridium (Emitech K575X Sputter
Coater).

1.2.7 Contact Angle

Hydrophobicity of the pSi-PVDF composites was characterized by water contact

angle with the sample surface using a Theta Optical Tensiometer (KSV, Finland),

averaging values from five different samples.



1.3 Results and Discussion

1.3.1 Preparation of the pSi Template and of the pSi-PVDF Composites

Electrochemical Lift-off

Si wafer (p++) 3:1 HF:Ethanol Parous Si 1:29 HF:Ethanol Free-standing
porous silicon film

at 500°C for 3h

NN N o T

solve Melt PVDF at
pSi-PVDF after template in pSi-PVDF 240°C for 1.25h  Si-5i0; Tem‘palate
KOH KOH before KOH (hydrophilic)

l Thermally oxidize

Figure 1.1. Procedure used to fabricate porous silicon rugate filters and infiltrate P\VDF into the oxidized pSi
templates (adapted from figure made by Joanna Wang and from reference 9).

The strategy for the preparation of porous silicon-poly(vinylidiene fluoride)
composites (pSi-PVDF) is outlined in Figure 1.1. Briefly, PVDF disks were melted into
oxidized porous silicon rugate filter templates, and the templates were slowly removed via
dissolution in 0.05M KOH (see Fig. A.1.1)

1.3.2 Probing the Open Porosity and Sensing Capabilities of the pSi-PVDF
Composites

The pSi templates displayed open pores (Fig. 1.2.a). As the PVDF polymer
infiltrated the silicon template, the pores closed (Fig. 1.2.a). EDX analysis confirmed that
the imaged area contained silicon, thus that the imaged area was the pSi-PVDF composite
(Fig. A.1.2.). Open pores were observed after 2h of soaking in KOH, suggesting removal
of the pSi template. Selective removal of the pSi template was confirmed by Fourier

Transform Infrared Spectroscopy (Fig. 1.4) and by EDX (Fig. A.1.3).
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(a) (b)
Si-Si0, Template

e

Si-Si0, Template

i

pSi-PVDF before KOH

it

pSi-PVDF after 2h in KOH

Reflectance (a.u.)

I.HHHHI

400 500 600 700 800 900 1000
Wavelength (nm)

Figure 1.2. (a) Top view SEM images and pictures and (b) reflectance spectra in air of the oxidized pSi
template, of the pSi-PVVDF composite pre-dissolution, and of the pSi-PVDF composite after 2h of dissolution
in KOH. Pictures in (a) were taken with an iPhone 5c.

Optical reflectance characterization also indicated successful infiltration of PVDF
into the template and removal of pSi (Fig. 1.2). The pSi template and pSi-PVDF composites
displayed reflectance spectra characteristic of the rugate structure (Fig. 1.2.b). As PVDF
infiltrated the pSi template, the refractive index of the material in the pores of the template
increased from 1.0 (air) to 1.4 (PVDF). The rugate stop band correspondingly red-shifted
from 482nm (template) to 532nm (composite) upon PVDF infiltration (Fig. 1.2.b). The
theoretical stopband was calculated to shift to 554nm. The observed 50nm stopband shift
was lower than the theoretical stopband shift, 72nm, indicating ~70% PVDF infiltration.

Yet, the pores of the composite before dissolution appeared completely filled (Fig. 1.2.a)
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and the reflectance spectrum of the composite before dissolution showed only one narrow
rugate peak, suggesting that the PVDF infiltrated the full thickness of the pSi template (Fig.
1.2.b). SEM and EDX analysis confirmed full infiltration (Figs. 1.3.a and 1.3.b). We
therefore attribute the ~70% PVDF infiltration to PVDF successfully infiltrating the
mesopores of the template, but not the micropores. This interpretation is consistent with
the results of a current polymer infiltration study, which indicate that larger molecular
weight polymers preferentially infiltrate the mesopores instead of the micropores of pSi;
our polymer molecular weight is indeed elevated (180,000g/mol T manuscript in
preparation). The slight difference in peak shape between the template and the composite
before KOH and the non-uniformity in these peaks can be attributed to non-uniformity in
the etching procedure (Fig. 1.2.b).

Soaking the composite in KOH resulted in pore opening (Fig. 1.2.a) and thus in air
(refractive index of 1.0) being introduced into the composite. The overall refractive index
of the composite thus decreased, and correspondingly, the rugate stop band blue-shifted
(Fig. 1.2.b). The reflectance spectrum of the composite after dissolution showed peak
broadening compared to that of the composite before dissolution (Fig. 1.2.b). We attribute
this broadening to uneven dissolution of the silicon template (Fig. 1.3.c). Cross-sectional
images of the pSi-PVDF composite after 2h in KOH showed large open pores close to the
surface of the composite, and much smaller pores further in the composite (Fig. 1.3.c). We
concluded that the aqueous KOH solution dissolved the pSi-SiO> closest to the surface of
the composite before dissolving the pSi-SiOz located further in the composite. This would
give rise to multiple superimposed rugate structures, corresponding to the larger-pore and

smaller-pore layers. The reflectance spectrum of this structure should show multiple peaks;
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however, if the peaks are sufficiently close together, they may appear as one broad peak,
such as the peak of the composite after 2h in KOH (Fig. 1.2.b). No significant peak
broadening was observed before and after infiltration (Fig. 1.2.b), indicating that the PVDF
infiltrated the full length of the silicon template. This was also confirmed by SEM and

EDX (Fig. 1.3.b).

(a) SEM of pSi-PVDF before KOH (b) EDX of pSi-PVDF before KOH

(d) Reflectance of pSi-PVDF after 2h in KOH

1* 5 After 2h in‘ KOH
Iﬂlﬂ'“lﬂl“l

.

Ethanol

Reflectance (a.u.)

400 500 600 700 800 900 1000
Wavelength (nm)

Figure 1.3. (a) Cross-sectional SEM and (b) EDX image of the pSi-PVDF composite before dissolution, (c)
Cross-sectional SEM and (d) Reflectance spectra and pictures in air and ethanol of a composite after 2h
dissolution in KOH. The red bracket in (c) refers to the larger-pore layer and the black bracket to the smaller-
pore layer.



13

After 2h dissolution in KOH, the composites displayed a stopband shift of ~22nm,
from 508nm in air to 530nm in ethanol, demonstrating the compositeds sensing capabilities
(Fig. 1.3.d). The reflectance peak in air was significantly broader than the peak in ethanol
(Fig. 1.3.d), consistent with formation of multiple superimposed rugate structures during
the dissolution process. The higher porosity layers would exhibit a greater peak shift than
the lower porosity layers, giving rise to peak superposition when the compo-site is soaked
in ethanol, and thus to a much sharper peak. This interpretation also explains the
asymmetry observed in both the air and ethanol peaks.

1.3.3 Chemical Dissolution of the Si-SiO2 Template

vSi-O-Si
v

S
Template L]

Q
Oh KOH §

Ko
1h KOH | 5
2h KOH <
3h KOH
4h KOH
5h KOH
PVDF

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm-1)

Figure 1.4. Fourier-Transform Infrared (FTIR) spectra of the oxidized porous silicon template, the pSi-PVDF
composite before dissolution in KOH, the composite after 1, 2, 3, 4, and 5h of dissolution in KOH, and an
unmodified PVDF bead.
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The porous silicon templates contained an outer layer of SiO», whose characteristic
vibrational modes were confirmed in the FTIR spectrum: v(Si-O.) stretching vibrations at
1030cm™ and 1214cm™ (Fig. 1.4). ® The pSi-PVDF composites contained both the SiO2
stretches and the characteristic PVDF vibrations, indicating infiltration of the PVDF into
the template: v(C-F,) bending at 762cm™, v(C-H.) rocking at 795cm™, v(C-H>) rocking at
870cmt, v(C-Hy) twist deformation at 976cm™, v(C-F2) symmetrical stretching at 1062cm”
1 v(C-F,) symmetrical stretching vibrations at 1143cm™ and 1173cm?, v(C-F)
asymmetrical stretching vibration at 1203cm™, v(C-H2) bending or scissoring vibrations at
~1394-1450cm?, and v(C-Hs) symmetric and asymmetric stretching vibrations at 2990cm"
1 and 3029cm™ (Fig. 1.4). ® 16 1718 The intensity of the SiO: stretch decreased with
increasing dissolution time in KOH but the intensity of the PVDF peaks did not change,
indicating selective removal of the pSi template.

1.3.4 Fabrication of a Sensor with Tunable Hydrophobicity

The pSi template was slowly dissolved from the composite in a solution of dilute
potassium hydroxide (Fig. 1.1). ° The contact angle of water on the composite was
measured as the pSi template dissolved (Fig. 1.5). Before dissolution, the contact angle was
~60°, indicating that the composite was hydrophilic. This was higher than the contact angle
of the template (~14°), presumably due to the presence of PVDF in the composite. With
gradual removal of the hydrophilic template, the contact angle increased to ~110°. This is
greater than the measured contact angle of pure PVDF (~89°), possibly because the layer
exhibited Cassie behavior. * The Cassie and Baxter relationship predicts that the apparent
contact angle of water on a rough or porous surface with low surface energy increases with

decreasing solid surface fraction or increasing air surface fraction. 1° The elevated contact
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angles observed after 3h of dissolution indicate that the silicon remaining in the composite
was sufficiently buried that the water drop did not interact with it (Fig. 1.5). The contact
was highly tunable between 60° and 110° (Fig. 1.5), indicating that the 3h dissolution
process was slow enough to have good control over hydrophobicity, yet was fast enough

to be practical.
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Figure 1.5. Contact angle of water on the composites (black) and reflectance stop band peak of the
composites in air (red) after 0, 1, 2, 3, 4 and 5h of soaking in KOH. All data points represent the average of
5 composites.

The increase in contact angle from 60° (pre-dissolution) to 110° (3h dissolution)
correlated with a decrease in the reflectance peak in air of the composites (Fig. 1.5);
consistent with the interpretation that the peak should blue-shift as more pSi dissolves and
thus as more air enters the sample. This blue-shift also correlated with the decrease of the

SiO2 peak intensities in FTIR (Fig. 1.4).
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1.3.5 Stability of the pSi-PVDF Composites

The stability of the pSi-PVDF composites in 0.05M KOH (10% ethanol) was
compared with that of the pSi template alone (Fig. 1.6) by examining the percent
transmission of the samples as they soaked in KOH. Silicon absorbs strongly at low
wavelengths (Fig. 1.6.a), and correspondingly the pSi template and the pSi-PVDF
composite before dissolution exhibited ~0% transmission (Fig. 1.6.a). ° Removal of silicon
was monitored by tracking the transmission of the samples at 550nm (Fig. 1.6.b). PVDF is
colorless (Fig. 1.6.a), so any changes in transmission were assumed to be due to silicon
removal.

The pSi-PVDF composites displayed very low transmission at 550nm after 4h in
KOH indicating that large amounts of crystalline silicon remained in the sample. EDX
analysis confirmed the presence of silicon in the composites after 6h in KOH (Fig. A.1.3).
The pSi template, however, exhibited elevated transmission after 2h, and full dissolution
after 3h (Fig. 1.6.b). The pSi-PVDF composites were thus much more stable than the pSi
templates. The pSi-PVDF composites also exhibited much greater mechanical stability

than did the pSi templates (Fig. A.1.4).
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Figure 1.6. (a) Transmission spectra in air with pictures of freshly-etched pSi, the pSi-SiO; template, the
pSi-PVDF composite before dissolution, and a PVDF disk and (b) Percent transmission at 550nm of the pSi
template and the pSi-PVDF composite after Oh, 1h, 2h, 3h and 4h in 0.05M KOH. All data points represent
the average of 5 samples for the pSi-PVDF data points and 4 samples for the Si-SiO- data points. One of
samples for an Si-SiO2 data point was excluded by Dixonds Q-test as an outlier, where a Q-value of 0.765

was used (90% confi

dence).
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1.4 Conclusions

In this chapter, we infiltrated PVDF into a porous silicon rugate structure via the
melt-cast method, and then selectively removed the porous silicon template. The resulting
sensor exhibited tunable hydrophobicity over a water contact angle range of 60° - 110°,
and the dissolution process was slow enough to enable good control over the water contact
angle of the surface. The sensor was much more stable in basic conditions than its porous
silicon counterpart. We anticipate that this tunable hydrophobicity will present a simple
method to enhance the sensitivity of pSi-polymer composite VOC sensors, by tailoring the
hydrophobicity of the sensor to the hydrophobicity of the analyte.

Chapter 1, in full, is being prepared for submission for publication of the material.
Kennard, Rhiannon; Wang, Joanna; Lee, Gha Y.; Bisiewicz, Rachel H.; Cortez Lemus,
Norma A.; Cao, Xiaoyu C.; Anglin, Emily J.; Park, Jennifer S.; Potocny, Andrea; Bernhard,
Drew; Li, Jianlin; Sailor, Michael J. The thesis author was the primary investigator and

author of this material.
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Figure A.1.1. Experimental setup for PVDF infiltration into porous silicon (left) and schematic of PVDF
infiltration into porous silicon with pictures of the Si-SiO2 template, pSi-PVDF composite before KOH, and
pSi-PVDF composite after KOH (right) taken with IPhone 5¢. The samples were imaged on the side opposite
to the side on which the PVDF was infiltrated.

Figure A.1.2. EDX spectrum of a pSi-PVDF composite before dissolution in KOH. Inset are a picture and
SEM image of the sample.

The presence of Si, F, O, and C indicate that the area imaged in SEM was indeed

the pSi-PVDF composite.





