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ABSTRACT We report a thermally tunable multispectral ima-
ging filter based on reversible condensation of volatile organic fluids

within a nanoporous one-dimensional photonic crystal. The photonic
crystal (optical rugate filter) comprises oxidized porous silicon,
prepared by electrochemical etch of silicon and subsequent air
oxidation (porous silica rugate filter, pSiF). The reflectance spectrum

of the pSiF is designed and constructed to match two of the red

emission bands of the luminescent complex europium(lll) tris-dipicolinate, [Eu(dpa);]a’, which has been used as an indicator for anthrax spores. When the
pSiF is fitted with a thermoelectric Peltier cooler/heater and sealed in a container with 2-propanol vapor, microcapillary effects drive the temperature-
dependent condensation/evaporation of 2-propanol into/out of the porous nanostructure. Thermal cycling experiments show that the wavelengths of the
spectral bands of the pSiF are reversibly tuned by 35 nm for a temperature change of 40 °C. Difference images of a UV-illuminated scene containing the
[Eu(dpa);]* ~ target, obtained by reflection from pSiF that is continuously thermally cycled through the emission bands of the dye, show that the target can
be discriminated from the background or from control targets with overlapping but dissimilar luminescence spectra.

KEYWORDS: porous silicon - free space imaging - anthrax - europium dipicolinate - luminescence - stand off detection -

photonic crystal - microcapillary condensation

ultispectral and hyperspectral ima-

ging systems that combine imaging

and spectroscopy have applications
in many fields including biomedicine,'? re-
mote sensing,>* and land surveying.” Hyper-
spectral imaging involves the generation of
a spectrum for every pixel of the image, which
can lead to extremely large data sets that can
be cumbersome to analyze. For applications
that do not require detailed spectral informa-
tion, multispectral imaging can be utilized,
where only key wavelengths are sampled
for each pixel. For this imaging mode, the
sampling of wavelengths is generally accom-
plished using fixed filters or a rapidly scanned
optomechanical, acousto-optic, or electro-
optic device8~8 Selection of the appropriate
wavelength filter involves trading issues
such as cost, spectral resolution, wavelength
range, spectral throughput, out of band rejec-
tion, susceptibility to mechanical failure,
and speed. Recently, porous nanostructured
photonic crystals have emerged as interest-
ing candidates for tunable, high-resolution
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spectral filters. Many tunable photonic sys-
tems can be found in biological systems,
such as squid chromatophores and irido-
phores, which are tuned by the contraction
of muscles,® or the wings of certain butterfly
species, which change color upon adsorption
of water'® or organic molecules."” Porous
silicon-based photonic crystals have been
found to display a similar ability to change
color, by adsorption of molecular species,'?
by mechanical deformation,’ or by thermal
or electrical stimulation.'*'® Like many other
inorganic photonic materials,'®"” these sys-
tems have an advantage over their biological
counterparts in that they are readily manufac-
tured into stable, durable, and reliable optical
components suitable for multispectral ima-
ging applications.

Current-modulated electrochemical etch-
ing of silicon has been used to prepare
porous silicon rugate filters with narrow
(fwhm ~10 nm) reflectance peaks.'® In addi-
tion, more complex electrochemical etching
waveforms have been employed to generate

VOL.7 =

NO.9 = 7785-7794 =

* Address correspondence to
g.miskelly@auckland.ac.nz.

Received for review May 26, 2013
and accepted August 17, 2013.

Published online August 22, 2013
10.1021/nn4026542

©2013 American Chemical Society

AMCRTARNTTS
2013 ﬁ@LQﬁL//\J J:\) 7785

WWwWW.acsnano.org



samples with multiple-peak reflectivity spectra.’® 2’

Previous work with porous silicon passband structures
filled with liquid crystals demonstrated thermal and
electrical tuning of the optical features, but wave-
length changes were limited to <10 nm.">?* Much
larger changes in the position of the passband
(>70 nm) have been achieved when the vapors of
volatile liquids adsorb or condense within the porous
silicon matrix,>> and we reasoned that this reversible
process could be used to prepare spectral filters tun-
able over a wide wavelength range. In this work, we
show that thermal cycling of a porous silica rugate filter
(pSiF) infiltrated with the volatile organic liquid 2-pro-
panol can be used to reversibly shift the passband of
the filter over a wavelength range in excess of 80 nm
in the visible or near-infrared region of the spectrum.
In addition, we show that the pSiF can be prepared
with sufficient uniformity to allow multispectral ima-
ging. We demonstrate a representative multispectral
imaging application, involving identification of the
distinctive luminescence signature of the chemical
species dipicolinate (dpa) complexed to europium
([Eu(dpa);]®7). The species dpa is associated with
anthrax spores, and lanthanide complexes of dpa have
been used as an indicator for anthrax spores.2* The
sensitivity of this approach arises from the fact that
most Eu(lll) salts display very weak luminescence,
but dpa acts as a sensitizer for luminescence from
the f-orbital levels in the lanthanide, increasing the
luminescence intensity by a factor of more than 10°.%

RESULTS AND DISCUSSION

Construction of Thermally Tunable Optical Filters. The porous
silica rugate filter was prepared using the electrochemi-
cal etching method typically employed to prepare
porous Si rugate filters,?® with care taken to provide
an optically uniform response over the central region of
12.5 mm diameter. The method involves etching a silicon
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to pSi filter
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wafer with a sinusoidal electrochemical current wave-
form. The period of the sinusoid determines the spectral
wavelength of the passband, and a composite electro-
chemical current waveform consisting of two (or more)
superimposed sinusoids will generate a rugate filter
with two (or more) passbands. Because of the differing
widths of the Eu emission bands, the shorter wave-
length peak was constructed using two sinusoids
with similar periods in the composite waveform. This
generated a relatively broad, single passband. A third
sinusoid with a significantly different period was
also included in the composite waveform to generate
the second passband. Scanning electron microscope
(SEM) images of the porous silicon surface and cross
section (Supporting Information) confirmed the porous
morphology.

The porous silicon was then thermally oxidized
to porous silica to provide improved environmental
stability. Our previous studies on condensation of vola-
tile liquids into porous silica suggested that 2-propanol
would be suitable for this imaging filter application.”
Absorption of 2-propanol vapor into the porous matrix is
quite reversible, although the time response of the
desorption process at room temperature is slow, and a
flow-based dosing system was thought to be too cum-
bersome and slow to be practical for a spectral imaging
system. Instead, we added a fixed amount of 2-propanol
to the pSiF sample chamber and controlled the extent
of adsorption and capillary condensation by controlling
the temperature of the porous silica, Figure 1. A Peltier
device fixed to the backside of the wafer containing
the pSiF provided both active heating and cooling. This
approach allows the optical apparatus to be sealed and
compact. Experimentally, we found that the passband
wavelength drifted slightly during the first three tem-
perature cycles, but subsequent cycles yielded stable
and consistent values for the passband wavelengths
over the complete thermal cycle. The imaging results

cubic beamsplitter

to camera

[ | — -

"
from surface being imaged

Figure 1. (a) Schematic of porous silica filter cell and sample chamber. (I) Copper heat sink, (Il) Peltier device, (Ill) porous silica
filter on silicon wafer substrate, (V) seal for the sample chamber, (V) glass cover-slide. The entire filter cell has no moving
parts. (b) Schematic of optical setup used for imaging. Lenses were placed between the beamsplitter and the camera and
between the surface being imaged and the beamsplitter to adjust for field of view and working distance.
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Figure 2. Graph showing the wavelength of the main reflec-
tance maximum of the porous silica rugate filter (pSiF, solid
curve) and the corresponding temperature of the pSiF sam-
ple (dashed curve) as a function of time. The pSiF was sealed
in the presence of 95 parts per thousand of 2-propanol, and it
was heated and cooled through seven cycles.

presented in this paper are from the fourth and sub-
sequent cycles.

Thermal Behavior of Tunable Porous Silica Optical Filter. The
optical response of the filter as a function of tempera-
ture was initially characterized using a spectrophot-
ometer with a reflectance probe. When the sample cell
contained 95 parts per thousand of 2-propanol, a shift
of ~70 nm in the position of the rugate band maximum
was measured upon continuous cycling of the tem-
perature between ca. 30 and 110 °C (Figure 2). Relative
to the high-temperature phase of the cycle, the low-
temperature phase corresponds to a condition in
which a greater fraction of the 2-propanol in the cell
was condensed into the porous silica, which caused the
observed red shift in the wavelength of the passband
maximum. A plot of this wavelength as a function of
time shows the same periodicity as the temperature
versus time plot, but with a significant time lag and
alteration in shape, Figure 2.

The observed responses are attributed to temporal
differences between heat transfer and mass transfer
processes to and within the porous nanostructure.
Heat transfer is rapid in porous Si systems due to their
good thermal conductivity?®?° (although this will be
reduced upon partial reduction to silica), whereas
the mass transport of 2-propanol into and out of the
nanoporous matrix is slower. A plot of the wavelength
of the passband maximum as a function of tempera-
ture (Figure 3) shows that during the heating phase of
the cycle most 2-propanol is lost once the temperature
of the pSiF exceeds 60 °C, while on cooling, significant
readsorption occurs only below 40 °C, with most
capillary condensation occurring once the pSiF has
reached its lowest temperature. It should be noted
that the Peltier heater/cooler causes a slight overshoot
at each end of the temperature range, but this is
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Figure 3. Plot of temperature vs the wavelength of the main
reflectance maximum of the pSiF over seven heating and
cooling cycles, showing the hysteresis of the reflectance
response. Numbers refer to consecutive cycles.

reproducible and does not affect the response of the
pSiF in the wavelength range of interest.

Imaging with a Thermally Tunable Silica Optical Filter:
Exploratory Data Analysis. Next, the pSiF was evaluated
as a multispectral tunable imaging filter. The pSiF
was placed in the optical path of the imaging system
as depicted in Figure 1. The optics were focused on a
set of glass fiber pad targets infused with either the
analyte or various controls: the analyte, luminescent
[Eu(dpa)s]*~; a control that contained Eu(NO3); with
no added ligands; a luminescent interferent, the dye
[Ru(DMB);]1*™, which has an intense but broad lumi-
nescence; and a blank control that consisted of a clean
glass fiber pad as shown in Figure 4. The images show
slight brightness variations due to illuminant non-
uniformity and vignetting from the imaging com-
ponents, but these were sufficiently minor that they were
not corrected prior to image analysis. The luminescence
spectra of [Eu(dpa);]>~ and [Ru(DMB)s]** are shown in
Figure 4d, together with reflectance spectra of the pSiF
at three different points during a thermal cycle.

The experimental runs were designed so that the
analysis started with rapid heating of the pSiF to
the maximum temperature, followed by slow cooling,
with images being acquired throughout the heating
and cooling phases. Each image was processed with
3 x 3 spatial averaging to reduce the effect of non-
uniformity in pixel response. The design of the pSiF
imager meant that we could not obtain an unfiltered
image of the targets under identical conditions, and
so instead an image of the mean luminescence over
a whole thermal cycle was calculated, Figure 5a, to
represent what would be observed with no filter. The
[Ru(DMB;]*" target in this image is slightly brighter
than the [Eu(dpa)s]*~ partly because the former com-
plex is luminescent over a greater portion of the
thermal cycle (wavelength range scanned). An image
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Figure 4. Images and emission spectra of glass fiber filter
targets acquired during continuous thermal cycling of the
porous silica rugate filter (pSiF). The four targets in the
images are (clockwise from top left) glass fiber filters contain-
ing [Eu(dpa)s]®>~, the nonchelated Eu(NOs);, the luminescent
complex [Ru(DMB)3]2+, and a blank control. The white
squares shown in image panel b are 86 x 86 pixel ROIs used
in quantification of the target responses (vide infra). (a) Image
obtained with the pSiF tuned to the blue of the emission
maximum of [Eu(dpa)3]3* (ImageThigh). (b) Image obtained
with the pSiF tuned to match the emission of [Eu(dpa)3]3’
(Imager,__).(c) Image obtained with the pSiF tuned to the red
of the emission maximum of [Eu(dpa)3]3* (Imager, ). (d) Plot
showing the luminescence spectra of the two complexes
[Eu(dpa)s]*~ and [Ru(DMB);]*" and the reflectance spectra
of the pSiF obtained at three temperatures: Ti,g,, higher
temperature (ca. 80 °C) corresponding to image a; Tatchs
temperature corresponding to the best match of the pSiF
reflectance with the main emission band of [Eu(dpa);]*~
(ca. 60 °C, image b); Tiow, lower temperature (ca. 40 °C)
corresponding to image c. The reflectance and luminescence
spectra were collected in a 90° backscatter configuration
using an Ocean Optics USB4000 CCD spectrophotometer.

taken when the pSiF optical filter relectivity maximum
matches the emission maximum of [Eu(dpa)s]®~
(Imagey__ ., Figure 5b) shows a slightly greater lumi-
nescence for [Eu(dpa)s]®~ than for [Ru(DMB)s]*". This
result indicates that using a narrow-band filter with
a bandpass overlapping the 615 nm maximum for
[Eu(dpa)s]*~ does provide increased selectivity, but it
also shows that attempts at detection of [Eu(dpa)s]*~
with a single filter can result in interferences from other
luminescent materials.

Figure 6 shows a plot of the integrated intensity from
an 86 x 86 pixel region in the center of the [Eu(dpa)s]*~
target as a function of time, through five continuous
heat/cool cycles of the pSiF. The shape of the integrated
intensity—time trace is different compared to the
spectrophotometric measurement of the wavelength
of the maximum of the main pSiF reflectance band in
Figure 2 because the increase in luminescence intensity
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Figure 5. (a) Average of images acquired over one complete
heating and cooling cycle of the pSiF. (b) Image obtained
when the pSiF reflectance wavelength matches the peak
emission wavelength of [Eu(dpa)3]3* (Imager__ ).
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Figure 6. Plot showing the integrated pixel intensities
calculated from the ROI of the luminescent [Eu(dpa)s]®~
target (see Figure 4b for location) as a function of time
during five heat/cool cycles (solid curve). The temperature
of the pSiF as measured with a thermocouple contact probe
is shown as the dashed curve. The selected images shown in
Figures 4a—c and discussed in the difference imaging
section were acquired during the heating phase, which
appears as the sharp spike in each cycle of the luminescence
response on this time scale.

in Figure 6 occurs when the main reflectivity maximum
of the pSiF overlaps with the 615 nm emission band of
the [Eu(dpa)s]®~ target. The sharp spike in the observed
intensity during the heating phases in Figure 6 is due
to the fast desorption of 2-propanol upon heating of
the pSiF, which in turn leads to a rapid blue shift in the
wavelength of the reflectance maximum of the pSiF past
the 615 nm emission band of [Eu(dpa)s]* .

Principal component analysis (PCA) of the images
obtained during a complete single thermal cycle was
performed to characterize the ability of the pSiF to
discriminate between the targets. The PCA treated
each pixel an an individual sample, with the intensity
at each time point (image) in the thermal cycle being
the dependent variables (images were collected at
2 Hz during the cycle). Three principal components
were retained as explaining most of the variability in
the images, with PC1, PC2, and PC3 explaining 99.37%,
0.37%, and 0.12% of the total variability in the images,
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Figure 7. Results from principal component analysis of the images collected during one heat/cool cycle of the pSiF. (a—c)
Images in which the brightness at each pixel indicates the scores corresponding to principal components 1 through 3,
respectively. (d) Loadings of each principal component as a function of the time during a heat/cool cycle. (e) Scatter plot
showing the scores on the first and second principal components of all the pixels in the imaged area. The color coding in (e) is
according to the density of pixels at a given location on the graph (red is highest density).

respectively. The PCA was performed without any pre- maxima observed in Figure 5 and with the pSiF reflec-
processing of the images other than the 3 x 3 spatial tance band matching the peak emission wavelength
averaging because this led to the second principal for [Eu(dpa)s]>~ (ca. 615 nm) in Figure 4. Interestingly,

component aligning with the direction of greatest the principal component analysis showed that the
difference between the [Eu(dpa)s]®>~ target and the [Eu(dpa)s]®>~ target did not have a completely spatially

remainder of the scene, Figure 7. The first principal uniform luminescent response during the thermal cy-
component correlated closely with the average lumi- cling, with the image of the scores for principal compo-
nescence intensity throughout the whole thermal/spec- nent 3 showing a gradation out from the center of the
tral tuning cycle, and the [Ru(DMB);]*" complex gave a image, Figure 7c. In agreement with this observation,
slightly stronger response than did the [Eu(dpa)s]®>~ in the dominant features in the loadings plot of principal
an image of the scores of this principal component, component 3 show a differential relationship compared
Figure 7a. As expected, this image has a similar visual to the loadings of principal component 2. This effect is
appearance to the average image shown in Figure 5a. probably due to a very slight shift in peak wavelength of
The [Eu(dpa)s]®~ target was bright in the image corre- the rugate reflectance band across the pSiF.

sponding to the scores of the second principal compo- A scatter plot showing the scores of all the pixels

nent, Figure 7b, with the nonchelated Eu(NOs); also from the imaged area on principal components 1 and 2,
showing a small positive response. The loadings of the Figure 7e, shows clear discrimination of the pixels
images on the second principal component (Figure 7d) corresponding to the glass fiber filters coated with
show that it has positive contributions from images  [Eu(dpa)s]®*~, Eu(NOs)s, and [Ru(DMB)s]*" from the
around 8 s and 70—120 s after a heat/cool cycle is background and the blank filter. This plot shows that,
initiated and negative contributions elsewhere. These as stated earlier, the use of noncentered image data
regions of positive contribution correspond with the results in principal component 2 lying along the
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Figure 8. Calculated images resulting from the three difference imaging procedures: (a) Imager
— Imager,,.

(b) Imager — 0.5 x (ImageThlgh + ImageThw); (c) Imager

match

direction that best discriminates the pixels correspond-
ing to the [Eu(dpa);]*~ target from the pixels corre-
sponding to all other parts of the image. The outlying
data points for each region in Figure 7e correspond to
pixels around the edges of each glass fiber target.
Imaging with a Thermally Tunable Silica Optical Filter:
Difference Imaging. The intensity changes for the
[Eu(dpa)s]*~ target during continuous thermal cycling
shown in Figure 6 and the loadings plot for the second
principal component (Figure 7d) suggest that the
[Eu(dpa)3]3_ target can be enhanced relative to the
remainder of the scene by taking information from as
few as two or three images taken when the PSiF
reflectance maximum coincides with Imager . and is
near but not overlapping with the [Eu(dpa);]>~ emission
(Imager, and Imager, ). This background correction
approach using differences of images has been de-
scribed previously in a forensic context® Thus, the
three images of the target set shown in Figure 4 were
used for further processing.Images a, b, and cin Figure 4
were obtained during the heating part of a thermal cycle
when the temperature of the pSiF was approximately
80, 60, and 40 °C and are termed Imager, . Imager_
and Imager,_, respectively, in the following discussion.
An image (Imagey ) taken with the pSiF bandpass
centered at the 615 nm peak emission wavelength
for [Eu(dpa)s]*~ shows luminescence from this Eu com-
plex and from [Ru(DMB)5]*", with very little emission
from the background or uncomplexed Eu. An image
(Imager_) taken with the pSiF bandpass positioned
at longer wavelengths than the [Eu(dpa)s]>~ emission
maximum shows little emission from [Eu(dpa)s]*~, but it
has significant luminescence from [Ru(DMB)5]**, while
animage (Imager, ) with the pSiF bandpass positioned
at a slightly shorter wavelength than the [Eu(dpa);]*~
emission maximum showed little luminescence from
any target in the image. Three difference image proce-
dures using these three images were examined. In
the most effective procedure, a corrected image was
calculated by subtracting the average of the images
taken at the two bracketing wavelengths (Imager,
and Imager_) from the image taken at a temperature
where the pSiF main reflectance band was centered on
the same wavelength as the emission of [Eu(dpa);>~]
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(Imager__ ), Figure 8b. This image calculation corre-
sponds to eq 1 in the Experimental Section and en-
hances narrow luminescence bands within the
defined spectral region compared to broad features.
The [Eu(dpa)s]®~ target is greatly enhanced relative to
the remainder of this difference image, so that good
selectivity is achieved.

Selective enhancement of the [Eu(dpa);]®~ relative
to the [Ru(DMB)s]*>" could also be achieved by sub-
tracting only the longer wavelength image (Imager, )
from that centered at the [Eu(dpa)s]®*~ emission
(Imagey__ ), Figure 8c (eq 2). Indeed, since the
[Ru(DMB);]*" has increased emission at the longer
wavelength, it appears darker than the background
in this image. Both the [Eu(dpa)s]*~ and [Ru(DMB);]**
are visible in the difference image calculated by sub-
tracting only the shorter wavelength image (Imager, )
from the image taken centered on the emission of the
[Eu(dpa)s]*~ (Imager ), Figure 8a. Since interfering
luminophores could have emission spectra with max-
ima at any position relative to the emission maximum
of the analyte, this last result indicates that the sub-
traction of a single image taken at a nearby wavelength
to correct for the effects of interfering luminescence on
the emission from the target analyte can lead to false
positive results. However, the difference image calcu-
lated by subtraction of the average of two bracketing
bandpass images (Figure 8b) is more robust toward
such errors.

In order to quantify the effects of the above back-
ground correction procedures, a region of interest
(ROI) of area 86 x 86 pixels was located on each target
as shown in Figure 4, and the intensity values for each
pixel in the ROI of the difference images in Figure 8
were integrated, Table 1. The integrated intensities
in each ROI are given together with standard devia-
tions determined from separate measurements from
five sequential heat/cool cycles. The selectivity ratios
in Table 1 are the ratios between the mean value for
the intensity of the [Eu(dpa)s]*~ target and the mean
intensity values for the other targets. The selectivity
ratios of the [Eu(dpa);]*~ target to the blank and to
the [Ru(DMB);]*" target are greater than 3 when the
difference image calculated by subtracting the average
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TABLE 1. Integrated Pixel Intensity (divided by 10) of a
86 x 86 Pixel Square of Each Sample Swatch ([Eu(dpa)s]*~,
blank, Eu(NO3);, [Ru(DMB);]>", see Figure 4) from Images
That Have Been Corrected Using the Three-lmage and
Two-Image Differencing Procedures®

[Eu(dpa);’~  blank  Eu(NO;); [Ru(DMB);]**

Image;  — 05 x 8214 263+13 321+£47 23+26

(Imagew + ImageThW) SR 3.20 2.62 3.96
Imager  ~—Imager ~ 99027 434+20 525+4 518+32
SR 2.28 1.89 191

Imagey  — Image; ~ 96830 36629 39138 1811
SR 2.65 248 535

“Standard deviations are derived from calculating the integrated pixel intensities
separately for images corresponding to five consecutive heat/cool cycles. The
selectivity ratio (SR) is the ratio of the response for [Eu(dpa)s]>~ to that for each of
the other targets.

of ImageThigh and Imagey,  is used, while the nonsensi-
tized europium has a selectivity ratio slightly less than 3.
The selectivity ratio values for the blank and Eu(NOs);
ROIs that are calculated for the other two correction
methods are slightly smaller, indicating less discrimi-
nation between the desired analyte and these other
targets. Although the selectivity ratio for Ru(DMB);]*"
was increased in one of the single difference images
(Imagery,__, — Imager,_), the decreased selectivity ratio
for the other single difference image (Imager_ . —
Imager, ) indicates that difference imaging using only
a single image taken at a nearby wavelength for
the correction is only useful if information about the
relative wavelengths of the emission maxima of the
analyte and luminescent interferents being imaged is
known beforehand. In contrast the three-image differ-
ence method (eq 1) requires only knowledge of the
wavelength of the analyte emission maximum and the
fact that the analyte emission is narrow compared to
the emission spectra of the interferents.

An alternative representation of the ability of
the pSiF and data analysis to selectively identify the
[Eu(dpa)s]®~ target is using ROC curves, showing the
fraction of target pixels correctly identified (true
positives) versus the fraction of nontarget pixels iden-
tified as target pixels (false positives). The ROC curves
were calculated by selecting all the pixels correspond-
ing to the glass fiber filter with [Eu(dpa);]*~ as the
target and all other pixels as being nontarget. As
shown in Figure 9, the three-wavelength correction
and the scores plot for principal component 2 using
this definition of the target had p(true positive) = 0.93
and 0.88, respectively, when p(false positive) = 0.01.
Thus, the three-wavelength correction (based on only
three images) outperforms the principal component
2 scores images (based on 271 images over a complete
heat/cool cycle). Since the glass fiber sample did
not have a uniform distribution of [Eu(dpa);]>~ across
the whole surface, we also plotted the ROC curve
when only the ROI for the [Eu(dpa)s]®~ target (top left
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Figure 9. ROC curves for detection of [Eu(dpa)s]*~ based on
either the scores image for principal component 2 from the
PCA or the difference image calculated according to eq 1.
When the target region was specified as the region of
interest (ROI) within the [Eu(dpa)3]3’ sample (see Figure 4b)
and the nontarget region was specified as all pixels outside
the glass fiber coated with [Eu(dpa)s]®>~, then classification
was almost perfect for both principal component 2 and the
difference image, with their ROC curves overlying. The other
two ROC curves are based on the target region being the
whole glass fiber sample coated with [Eu(dpa3)]3*.

rectangle in Figure 4b) was used to evaluate the true
positives and pixels corresponding to the whole scene
except for the [Eu(dpa)s]®~ glass fiber sample were
used to evaluate the false positives. In this case the ROC
curve showed 100% correct identification with no false
positives (Figure 9).

Comparison with Other Multispectral Filter Systems. In
general, imaging systems with fixed filters have the
advantage of narrow passbands and high throughput,
but are limited in the number of bands they can sample.
Thin film multispectral fixed filters can be readily fabri-
cated by depositing repeating layers of varying refrac-
tive indices; however, adding multiple transmission
bands or varying the percent transmission of each
individual passband can reduce the overall transmit-
tance of the filter3' An alternative method to sample
multiple wavelengths is to use a scanning filter such
as a Fabry—Perot etalon. In theory, etalons have a wide
spectral range, but are practically limited by the step-
ping size of their motors.3? Because both filter wheels
and scanned filters contain moving parts, they can be
susceptible to physical damage. When rapid and repro-
ducible wavelength selection over large wavelength
ranges is required, liquid crystal tunable filters (LCTF) or
acousto-optic tunable filters (AOTF) can be used. While
based on differing principles, they both can scan a
single passband with a moderate imaging aperture.®
The major drawbacks of these filter types are their cost
and that LCTF devices cannot sample multiple wave-
lengths simultaneously. The pSiF structure investigated
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in this work contains some of the advantages of both
tunable and fixed filter systems. Like a fixed filter, the
device can be manufactured to match a simple or
complex spectral pattern, while like a LCTF or AOTF
these spectral features can be tuned over a wide range.
A drawback of the present system is that the spectral
features of the device are tuned by thermal stimulation,
necessitating good temperature control to allow repro-
ducible performance.

CONCLUSIONS

In this work we demonstrate that a porous silica
rugate filter, infused with 2-propanol vapors, can act as
a thermally tunable optical filter with a temperature
response of ~1 nm/°C in the temperature range
30—115 °C. We show that this system can identify a
specific spectral target, a luminescent lanthanide com-
plex. The sharp spectral features of the porous Si rugate
filter allow excellent identification of the distinctive
spectrum of the lanthanide complex [Eu(dpa)s]*~. The
more distinct the spectral features of the target are
from those of either background or interferents are, the
easier it will be to distinguish the target using the
procedures described in this paper. A difference image
obtained by subtracting an image taken when the pSiF
reflectance matched the maximum emission of the
analyte from an average of two images taken when the
pSiF reflectance maximum was at higher and lower

EXPERIMENTAL SECTION

Formation of Porous Silica Rugate Filters. Porous silicon rugate
filter samples of 3.2 cm diameter were fabricated on single-
crystalline highly doped p-type silicon wafers (0.90—1.20 mQ cm
resistivity, (100)-polished, B-doped, from Siltronix Corporation)
by electrochemical etch in a solution of 49% aqueous hydro-
fluoric acid (VWR)/ethanol (Rossville Gold Shield Chemical
Company) (3:1 v/v), using a composite current density—time
waveform. (CAUTION: HF is highly toxic and contact with skin
should be avoided.) The composite waveform was a sum of three
sine waves of amplitudes 10.42, 3.33, and 2.92 mA cm™2 with
periods of 4.600, 4.430, and 4.425 s, respectively, superimposed
on an offset current of 83.33 mA cm ™2, with 240 repeats. The start
of the waveform was phase shifted 45° to decrease surface
reflectivity. This waveform was empirically designed such that
the reflectivity spectrum that resulted after oxidation of the
porous silicon would overlap with the two main red bands of the
sensitized europium photoluminescence spectrum. The wave-
form was generated using Igor Pro 6 software (Wavemetrics),
and a Kepco power supply (ATE 25-2DM, 0—25 V, 0—2 A) under
computer control (LabVIEW, National Instruments) was used to
apply the composite waveform during the electrochemical etch.
The resulting porous silicon was then partially oxidized at 600 °C
for 55 min to increase stability.?”

Synthesis of Imaging Target [Ru(DMB);](PFs),. The ruthenium(ll)
complex of dimethylsulfoxide, [Ru(DMS0),4]Cl,, was prepared as
described by Evans et al.>® The yellow flaky product was reacted
with 3.2 equivalents of 4,4'-dimethyl-2,2"-bipyridine (DMB) in
95% ethanol and refluxed under nitrogen for 24 h. The solution
was then reduced in volume, and a solution of 0.2 M NH4PFg was
added slowly with stirring to the boiling solution. The solution
was then cooled to room temperature, and the resulting
precipitate was filtered and rinsed with diethyl ether to yield a

GARCIA SEGA ET AL.

wavelengths showed the best ability to enhance the
analyte without significant false positives being ob-
served. The ability to be able to include multiple
spectral features within one single filter that is tunable
has also has been demonstrated.

A larger wavelength shift of the rugate band than
those reported in this paper is possible with a higher
concentration of 2-propanol in the dosing chamber,
but the rapid heating and cooling caused condensa-
tion to build up on the glass window under these
conditions. An increased wavelength range could also
be achieved by cooling the sample to lower tempera-
tures during the thermal cycling, since this would allow
greater capillary condensation of 2-propanol to occur.
Modification of the initial fabrication parameters of
the pSiF could lead to increases in the wavelength
range accessible using this vapor condensation meth-
od. Thus, using a silicon substrate with higher resistivity
can yield much larger spectral shifts in the rugate
reflectance band, but it is far more challenging
to create complex waveforms with sharp features
(~10 nm fwhm) and with optical uniformity over a
wide region in such material. Therefore, the current
design with a 70 nm total tunable range and with ca.
30 nm controllable tunability represents a good first-
generation demonstration of a tunable imaging filter
based on reversible condensation of a volatile liquid
into a nanoporous photonic crystal.

red powder. A portion of the red powder was placed on a glass
fiber filter for the imaging experiments.

Synthesis of Imaging Targets [Eu(dpa)s]*~ and Eu(NO3);. A solution
of europium(lll) tris-dipicolinate, [Eu(dpa)s]>~, was prepared as
described by Fernandes et al.>* and was used without isolation.
Briefly, europium(lll) nitrate was refluxed in water with three
equivalents of 2,6-pyridinedicarboxylic acid (dipicolinic acid, or
dpaH,) for 24 h. Both chemicals were used as received from
Sigma Aldrich. The final solution was then added dropwise to a
glass fiber filter and dried in a vacuum oven. This resulted in the
[Eu(dpa)3]3’ being both adsorbed within the filter and present
as a white salt on the filter surface. A control sample was made
using only Eu(NOs); deposited from an aqueous solution onto
a glass fiber filter in a similar fashion. These samples were then
used as targets in the imaging experiments.

Formation of Thermally Tunable Optical Filter and the Imaging System.
The pSiF was placed into an airtight dosing chamber such that it
was affixed to a stainless steel plate in contact with a Peltier
cooler. The temperature was controlled using an FTC100 con-
troller with a thermocouple and a FTX700 amplifier (Ferrotec
Corporation). The backside of the Peltier device was contacted
to a copper heat sink. A second thermocouple was attached to
the frontside of the pSiF to monitor its temperature. The front
window of the dosing chamber consisted of a piece of low-
reflectance glass (Edmund Optics). Once assembled, the cham-
ber was flushed with 2-propanol vapor (95 parts per thousand)
until the reflectance peak reached a steady value, at which
point the chamber was sealed. The Peltier temperature was
programmed to cycle between 28 and 110 °C, resulting in a
~70 nm shift of the porous silica rugate reflectance spectrum.
Initial characterization of the optical behavior of the device used
an Ocean Optics USB4000 spectrophotometer with reflectance
probe. Forimaging, a beamsplitter was placed between the front
of the pSiF cell and a Chameleon CMLN-1352M monochrome
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camera (Point Gray) equipped with a 50 mm double Gauss lens
(Edmund Optics) (Figure 1). The surface where the dye targets
were placed was orthogonal to the axis defined by the filter
and camera. Two visible achromatic lenses (f = 50.0 mm, Thor
Laboratories) were placed between the camera lens and the
beamsplitter and the scene and the beamsplitter to focus the
image onto a small (ca. 12.5 mm diameter) region of the pSiF.

Imaging and Data Processing. The imaging was conducted in
the dark, with the only illumination being a long-wave ultravio-
let lamp. The glass elements in the optical path, together with
the pSiF and camera response, prevented this excitation light
from appearing in the images. Camera images were acquired
every 500 ms by means of a computer-controlled program
(LabVIEW, National Instruments), while the temperature was
cycled with a period of 135 s. A single “dark image” was acquired
by imaging the scene without any UV illumination. Each mono-
chrome image (stored as a 1280 x 960, JPEG, 8-bit 3 channel
image) was imported into MATLAB (The MathWorks, Inc.), and
a single channel (all three channels contain the same informa-
tion) was selected, cropped to 421 x 439 pixels, and subjected
to a 3 x 3 spatial average. This reduced image size represents
a target area of ca. 1.5 x 1.5 cm. Principal component analysis
of the images corresponding to a single heat/cool cycle was
performed using the MATLAB toolboxes PLS_Toolbox and MIA_
Toolbox, both from Eigenvector Research, Inc., with no prepro-
cessing apart fromthe 3 x 3 spatial average. To obtain theimages
in Figure 4, a dark image was then subtracted from images taken
during thermal cycling to correct for stray illumination. All the
images in the paper have each had global contrast adjustments.

The background correction results presented in this paper
are based on three images taken at selected points during the
thermal cycle that coincide with (1) the main pSiF reflectance
band blue-shifted from coincidence with the main emission
band of the [Eu(dpa)3]3’ (Imagengh); (2) the main pSiF reflec-
tance band matching the wavelength of the [Eu(dpa)s]*~ emis-
sion band (Imager__ ); and (3) the main pSiF reflectance band
red-shifted from coincidence with the [Eu(dpa)3]3’ emission
band (Imager,_) (Figure 4d). A background-corrected image
that is selective for [Eu(dpa)3]3’ can then be constructed by
calculating a difference image using eq 1.3°

Image;; = Imagey  —0.5x (Imager,  +Imager ) (1)

where “Images;,” is the resultant [Eu(dpa);]>-selective image. Images
resulting from a subtraction of each of the single images Imager,
and Imager  from the image corresponding to the maximum
emission of [Eu(dpa)3]3’ were also calculated (eqgs 2 and 3) for
comparison with the difference image calculated using eq 1.

Image,; g, = Imager , —Imager, (2)

Image,; i, = Imager . —Imager, (3)

The ROC curves were generated in MATLAB by defining a
mask based on either the area of the glass fiber paper coated in
[Eu(dpa)s]*~ or the upper left region of interest in Figure 4b.
Each image used for the ROC calculation was then thresholded
using 100 threshold values between the image minimum
and maximum pixel values. Comparison of these thresholded
images with one of the two masks defined above allowed
calculation of p(true positive) and p(false positive).
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