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Multilayer structures of nanoporous silicon have garnered
significant interest as components of optical and sensing de-
vices due to their low cost, ease of fabrication, and large-scale
synthesis."™ Porous silicon (PSi) layer formation via electro-
chemical etching offers a simple platform to tune the refrac-
tive index (i.e., porosity) of stacked layers, which has led to a
host of applications based on the optical properties of thin PSi
layers. Recent studies have demonstrated the application of
PSi superlattices in chemical sensors,”>” waveguides, inter-
ference filters,” distributed Bragg reflectors, and optical mi-
crocavities.'" %! Due to the high surface area of their porous
structure (200-500 m?cm™)°! PSi Bragg reflectors (Bragg
mirrors) have shown great potential as biological and chemi-
cal sensors based on optical reflectance spectroscopy.[13'16]
Such chemical sensors function via infiltration of a chemical
species into the pore structure, which alters the effective re-
fractive index of the dielectric medium. The shift in the Bragg
wavelength (i.e., rejected light) caused by the index change
can be probed using simple reflectance spectroscopy or colori-
metry. Since the inclusion of chemicals into the porous layers
is reversible, the films can be cycled through multiple detec-
tion runs without additional preparation steps.

A significant challenge faced in integrating PSi Bragg mir-
rors into miniature optical devices is the reduction of func-
tional PSi multilayer structures to the micro- and nanometer
scales. Active length scales below one micrometer would be
ideal for a multiplex sensor based on PSi, which would require
multiple chemical-specific PSi Bragg mirrors on a single plat-
form. To date, there exist several techniques to produce spa-
tially confined PSi microstructures either by photolithography
or electron-beam lithography, however, there have been no
reports on PSi superlattices fabricated to micro- or nanoscale
dimensions. Recent work by Sailor and co-workers has shown
that PSi photonic crystals with dimensions less than 1 mm?
can be produced using a lithographically patterned photore-
sist.'718] This technique, although effective, requires addi-
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tional processing steps for each sample. Therefore it is advan-
tageous to develop simple one-step patterning techniques that
retain cost-effectiveness and minimize preparation times.

Microcontact printing, a subfield of soft lithography, is a
simple and inexpensive method of fabricating relatively large
quantities of microstructured materials.”” This method uti-
lizes a microprinting technique whereby thin-film structures
are patterned on a micrometer scale by direct lift-off.***! Pre-
vious efforts in our group have demonstrated the effectiveness
of PSi pattern formation by dry-removal soft lithography that
uses nothing more than a clean polydimethylsiloxane (PDMS)
elastomer stamp.?>?! Furthermore, this stamping procedure
can be followed with an additional transfer step that deposits
patterned microstructures from the PDMS stamp onto a flex-
ible polymer film. %!

In this communication, we build upon previous work by
showing that our dry-removal technique can be used to pro-
duce ordered arrays of freestanding PSi multilayers without
damaging the optical integrity of the film. This method allows
relatively large-scale production of uniform nanostructures of
optically tunable PSi Bragg mirrors in a variety of shapes and
dimensions. In addition, we demonstrate the chemical-sensing
capability of a PSi Bragg mirror with various levels of expo-
sure to an infiltrating polymer, as well as the reversible detec-
tion of a volatile substance within our micropatterned photon-
ic structures.

Micrometer-sized PSi Bragg mirrors were fabricated by di-
rect contact and subsequent lift-off using a patterned PDMS-
elastomer stamp. A schematic representation of the pattern-
ing procedure is illustrated in Figure 1. A patterned PDMS
stamp was brought into contact with a PSi Bragg mirror com-
posed of alternating layers of high and low porosity. After 5—
10 min of slight applied pressure (a 50 g weight), the stamp
was peeled away, resulting in a negative pattern formation of
the stamp. Regions where the stamp touched the PSi film
were subsequently removed from the surface without dama-
ging the material that resided under the structured side of the
stamp (Fig. 1C). A contrast-enhanced optical image revealed
green, reflecting 100 pm diameter discs affixed to a Si sub-
strate (Fig. 1D). A secondary step was employed to transfer
the removed PSi Bragg mirror pattern to a freestanding poly-
mer film. To ensure proper transfer, a solution of the hydro-
phobic polymer poly[(vinyl butyral)-co-(vinyl alcohol)-co-(vi-
nyl acetate)] (PVB) in ethanol was drop-cast directly on the
stamp surface and allowed to cure (Fig. 1F). After curing, the
polymer was gently peeled from the stamp resulting in com-
plete transfer of the PSi microstructures to the mechanically
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Figure 1. Scheme for fabricating patterned PSi Bragg mirrors by dry-re-
moval soft lithography. A) A patterned PDMS stamp was brought into
contact with a PSi Bragg mirror, which consists of alternating layers of
high- and low-porosity Si. B) PSi regions in direct contact with the stamp
were removed from the Si substrate when the stamp was peeled away,
producing a patterned Bragg mirror, shown in (C). D) A contrast-en-
hanced optical image showing 100 um diameter PSi Bragg mirror discs
patterned on the Si substrate. E) The inverse pattern of the PSi Bragg
mirror that was transferred to the PDMS stamp is coated with a PVB
polymer film, as seen in (F). G) Peeling the polymer film from the PDMS
stamp results in a patterned PSi Bragg mirror on a flexible polymer film,
shown in (H). 1) A contrast-enhanced optical image showing the PSi
Bragg mirror inverse pattern on a flexible polymer film.

flexible, optically transparent polymer film (Fig. 1H). The
contrast-enhanced optical image in Figure 11 shows the free-
standing PSi Bragg mirrors patterned on a flexible polymer
support. Figure 1D and I demonstrates the capacity to trans-
fer a micropatterned PSi Bragg mirror to a flexible polymer
film while maintaining its optical properties. This technique
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has great potential in flexible display devices. Furthermore,
the shape and design of the PSi Bragg mirror micropattern on
the Si substrate was simply the inverse pattern of the PDMS
stamp, whereas the PSi Bragg mirror micropattern appearing
on the PVB film was the same as the PDMS stamp. Therefore,
depending on the PDMS stamp, disk-shaped photonic crystals
can be patterned either on the Si substrate or the PVB film.
In the latter case, the polymer can be readily dissolved in an
appropriate organic solvent resulting in a dispersion of disk-
shaped PSi photonic crystals.

To verify the effectiveness of the micropatterning proce-
dure, optical and structural characterization of a micropat-
terned PSi Bragg mirror were performed (Fig. 2). The optical
image in Figure 2A shows the sharp color contrast between a
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Figure 2. A) Contrast-enhanced optical image (top view) and B) SEM im-
age (angled view) of 100 pmx100 pm PSi Bragg mirror. C) Scanning
electron microscope (SEM) cross-section image of Bragg mirror edge
showing PSi layers. D) White-light reflectivity spectra collected from re-
gions on the PSi Bragg mirror (gray) and Si substrate (black).

100 pm x 100 pm square-patterned PSi Bragg mirror and the
surrounding Si substrate. Complete PSi Bragg mirror removal
in the areas encompassing the micropatterned PSi Bragg mir-
ror square was observed on the surrounding Si substrate. Ad-
ditionally, the uniform color of the micropatterned PSi Bragg
mirror square indicated preservation of the Bragg mirror
layer structure throughout the patterning procedure. This
was confirmed by electron microscopy, which showed the
multilayer structure consisting of eight alternating layers of
high- and low-porosity Si (Fig. 2C). These alternating layers,
exhibited as light and dark layers, respectively, in the scanning
electron microscope (SEM) image, had approximate thick-
nesses of 80 and 160 nm resulting in a total PSi Bragg mirror
thickness of roughly 1 um. Such thin Bragg mirror structures
have the dimensional capability to be integrated with silicon
processor architectures and could lead to more advanced
optoelectronic devices.
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Spectral characterization by white-light reflectance spec-
troscopy, shown in Figure 2D, demonstrated the unique opti-
cal properties of the micropatterned PSi Bragg mirror. A
reflectance spectrum collected from the surface of a micropat-
terned PSi Bragg mirror (gray curve) revealed a Bragg peak
at approximately 486 nm. No change in Bragg peak position
was observed after the micropatterning procedure. Reflec-
tance spectra collected from the Si-substrate region, where
PSi layers were removed by a PDMS stamp, exhibited no
spectral features (black curve), confirming that the 1D pho-
tonic crystal had been removed. The remaining micropat-
terned platform consisted of uniform, optically functional mi-
crostructures that could be individually modified to enhance
specific chemical detection. Therefore, we have shown that a
single transfer step can be used to produce photonic-crystal
arrays that can serve as the basis for a multiplexing sensor de-
vice.

Comparing the reflection spectra of a PSi Bragg mirror be-
fore and after transfer to a PVB film confirmed that the opti-
cal integrity of the PSi layers had been conserved throughout
the transfer procedure from the Si substrate to the polymer
film (Fig. 3). The reflection spectrum of the untouched Bragg
mirror exhibited a Bragg peak at 514 nm (Fig. 3A), which,
after transfer to a PVB film, shifted slightly to 522 nm

1007 (A) porous Si Bragg mirror
(B) 6% PVB infiltration
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Figure 3. Reflection spectra showing PSi Bragg mirror optical properties
before and after transfer to a PVB film. A) Untouched Bragg mirror,
B) transfer to a PVB film with 6 % PVB infiltration, C) transfer with 79 %
PVB infiltration.

(Fig. 3B). While the Bragg peak remained relatively un-
changed after transfer to a PVB film, the intensity of the inter-
ference fringes along the baseline of the reflection spectrum
was drastically reduced (Fig. 3B). This was due to the removal
of the Si substrate, which eliminated the strong back reflec-
tion of the Fabry—Perot fringes of the Bragg mirror.

The shift in Bragg peak observed after transfer to a PVB
film is due to the penetration of the PVB solution into the
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pores of the Bragg mirror during the transfer procedure. Since
the refractive index of PVB (n=1.485) is greater than that of
air, the overall refractive index of the Bragg mirror increased
as the PVB solution displaced the air inside the pores. There-
fore, a red-shift of the Bragg peak was produced. Conse-
quently, the amount of PVB solution applied to the Bragg
mirror surface during the transfer procedure dictates the de-
gree of spectral shift of the Bragg peak. Sparse application of
the PVB solution (ca. 5 pL) minimized penetration of PVB
into the pores of the PSi Bragg mirror, resulting in a small
Bragg peak red-shift (Fig. 3B). On the other hand, heavy ap-
plication of PVB solution (40-50 pL) allowed PVB saturation
within the pores producing a large red-shift in Bragg peak
(Fig. 30).

Quantitative information about the volumetric infiltration
of PVB into the pores of a PSi Bragg mirror can be estimated
using the Bruggeman effective-medium approximation. The
refractive index of the PSi Bragg mirror, before and after
transfer to a PVB film, follows the form rnpg; = 4/2d, where nps;
is the refractive index of PSi, 4 is the Bragg peak wavelength,
and d is the thickness of the period within the PSi Bragg mir-
ror. Due to the fact that the periodic structure of the PSi
Bragg mirror was composed of two separate layers of high-
and low-porosity Si, in reality there existed two distinct refrac-
tive indices that changed as PVB infiltrated the PSi Bragg
mirror. However, the two-layer period was approximated as a
single domain, and therefore a single value for the refractive
index of the PSi Bragg mirror, nps; was determined. This val-
ue, nps; = 1.78, was used to calculate the porosity of the PSi
Bragg mirror using the Bruggeman effective-medium approxi-
mation®! as shown by Equation 1

1- &si — &psi

Cair — €PSi 1)
&si + 2epsi

&air + 2¢ps;

where ¢;, éps;, and &,;, are the dielectric constants of Si, PSi,
and air, respectively; fis the porosity of the dielectric medium;
and the relation n=/¢ is used to convert the refractive index
into the dielectric constant. Finally, the percentage of PVB
within the pores was determined by substituting the refrac-
tive-index value of the PSi Bragg mirror after transfer to a
PVB film and calculating the filling factor, fpyg, of the PVB
component

€Si — €PSi—PVB
&si + 2¢epsi—pvB

. tair — €PSi—PVB
air
€air T 2€psi_PVB

(1=

+ fpvB
2)
EPVB — Epsi_
o EPVB —EPSIPVB
epvB + 2épsi_pvB

where ¢pyp and epsi_pyp are the dielectric constants of PVB
and PSi with PVB, respectively; f, and fpyp are the filling
factors of air and PVB, respectively; and fi+fpve =f. For an
8 nm Bragg peak red-shift (Fig. 3B), an increase in the PSi re-
fractive index from 1.78 to 1.80 was determined. Assuming a
refractive index of PVB of 1.485, an fpyp of 4 % was calcu-
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lated using Equation 2. This indicated that 6 % of the air vo-
lume inside the PSi Bragg mirror had been replaced by the
PVB polymer. Such small infiltration of the PVB polymer
into the porous network of the PSi Bragg mirror was con-
trolled by modest application of PVB during the transfer pro-
cedure. However, heavy application of the PVB polymer pro-
vided a more thorough infiltration of PVB polymer into the
pores of the Bragg mirror resulting in a Bragg peak red-shift
of 87 nm (Fig. 3C). This large shift in Bragg peak implied an
increase in the PSi refractive index from 1.78 to 2.07, which
resulted from PVB solution replacing 79 % of the air volume
within the pores of the PSi Bragg mirror. These results com-
pare favorably with prior studies on PSi microcavities in
which shifts in peak wavelength were measured as a function
of the liquid-layer fraction of various chemicals within the PSi
microcavity.[ﬁ]

In addition, the effect of reversible chemical sensing via op-
tical detection was demonstrated with a micropatterned PSi
Bragg mirror (Fig. 4). The Bragg peak of a micropatterned
Bragg mirror was red-shifted approximately 70 nm in the
presence of an ethanol droplet as shown in Figure 4B. Using
Equation 2, modified for ethanol instead of PVB, and insert-
ing 1.359 as the refractive index of ethanol, the percentage of
ethanol infiltration into the pores of the Bragg mirror was cal-
culated to be 99 %, indicating complete pore saturation. This
result was expected since the micropatterned Bragg mirror
was encapsulated in a volatile-liquid environment. Most im-
portantly, the reflection spectrum of the micropatterned
Bragg mirror returned to its original form once the ethanol
had evaporated, demonstrating a complete reversibility of the
chemical sensor.

We have developed a simple, cost-effective method for pat-
terning PSi Bragg mirrors into virtually any desired shape
using micropatterned PDMS-elastomer stamps. Through a
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single transfer step we can fabricate arrays of optically func-
tional PSi Bragg mirror microstructures on both silicon and
polymer platforms. The optical integrity of the films after
transfer exhibited no noticeable degradation, verifying the de-
licacy of the dry-removal technique. In addition, quantifiable
chemical detection using simple reflectance spectroscopy was
demonstrated with a polymer via pore infiltration. These
nanostructured materials utilize a mechanism for chemical de-
tection that is completely reversible, and can not only be used
for conventional gas sensing via condensation in the pores,
but also for sensing liquids via air replacement. With the capa-
bility of transferring the photonic crystals directly to a flexible
freestanding polymer film, we open up the potential for mass-
producing chemically addressable pixels for high-selectivity
and high-throughput sensing in chemical- and biochip applica-
tions.

Experimental

Porous silicon (PSi) Bragg mirrors were prepared by anodically
etching a p-type silicon wafer (B-doped, (100)-oriented, 0.01 Q-cm re-
sistivity, University Wafer) in a Teflon electrochemical cell [25]. The
etchant consisted of 48 % aqueous HF/ethanol (1:2 by volume). The
high- and low-porosity layers were constructed by applying alternat-
ing currents of 9 and 21 mA cm™ with 12.5 slayer™ etch times (100 s
total etch time). Removal of the PSi film from the substrate was aided
by a short electropolishing pulse (75 mA cm™ for 2 s) at the end of
the etch. The samples were rinsed with ethanol and dried with nitro-
gen gas.

Reflectivity data were collected using a reflection/backscattering
probe (Ocean Optics Inc., Model R400-7) coupled to a bifurcated fi-
ber-optic cable. Illumination of the sample was achieved through a
central fiber by a tungsten-filament light source and the reflected light
was carried by the six surrounding fibers to a charge-coupled device
(CCD) spectrometer (Acton Research Corporation, SpectraPro 150).

The micropatterning procedure was carried
out by placing a prepatterned polydimethylsilox-
ane (PDMS)-clastomer stamp (10:1 by weight,
Dow Corning, 184 elastomer kit) on the top sur-
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0.4 (C) after ethanol removal

face of a PSi Bragg mirror with a slight applied
pressure (a 50 g weight) and mechanically re-
moving the stamp after 5 min. To transfer the PSi
residing on the PDMS to a freestanding polymer
film, a solution of (poly[(vinyl butyral)-co-(vinyl
alcohol)-co-(vinyl acetate)] (PVB) in ethanol)

was drop-cast on the stamp and allowed to cure
for 24 h. To minimize infiltration of PVB into the
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pores of the PSi Bragg mirror, and thus minimize
Bragg peak red-shift, the PVB solution was al-

lowed to cure for a few minutes before applica-
tion to the Bragg mirror surface. Once dry the
PVB film was peeled off the stamp, removing the
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PSi Bragg mirror pattern from the stamp surface.
Surface images of patterned PSi Bragg mirrors
were captured with an optical microscope (Ni-
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Figure 4. Micropatterned PSi Bragg mirror demonstrating optical detection of ethanol. A) Re-
flection spectrum of micropatterned Bragg mirror, B) after ethanol exposure, C) after ethanol

removal.
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s;  kon) under diffuse illumination (bright field).
Higher resolution images were obtained using a
scanning electron microscope (JEOL 6300F
SEM operating at 5 kV accelerating voltage).
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