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Zusammenfassung

Zusammenfassung

Die Lage der photonischen Bandliicke eines Metalloxid-Inversopals, also die Reflexion von
Licht eines bestimmten Wellenlangenbereichs, wird als optisches Sensorsignal zur Detek-
tion von Gasen und Flissigkeiten verwendet. Diese Bandliicke wird u. a. durch die Bre-
chungsindizes des Metalloxids und des Fluids in den Poren bestimmt. Deren Anderung
flhrt zu einer Verschiebung der Bandliicke. Das optische Auslesen eines Sensorsignals be-
notigt keine direkte Kontaktierung des Transducers und kann so in rauen Umgebungen

fernausgelesen werden.

Als Transducer wurden Wolframoxid-Inversopale verwendet. Dafilir wurde die Synthese
von Wolframoxid-Inversopalen untersucht und optimiert. Als Sensormechanismus fiir den
optischen Wasserstoff-Sensor wurden die Interkalation des Wasserstoffs in das Wolf-

ramoxidgitter und die temperaturabhangige Riickreaktion aufgeklart.

Die optische Gassensorik wurde auf der Basis eines Wolframoxid-Inversopals zur Wasser-
stoffdetektion realisiert. Dabei werden Wasserstoffkonzentrationen von 3000 ppm bis
10 % detektiert. Dies ist mindestens bis 500 °C moglich. Der Brechungsindex von Flissig-
keiten kann mit Wolframoxid-Inversopalen gemessen werden, dabei entspricht die An-
sprechschwelle einer Glukose-Konzentration von ca. 8,4 g/L. AuRerdem wurde die Stabi-
litat von Indiumoxid-Inversopalen, einem moglichen Transducer fir die Gassensorik in
rauen Umgebungen, bis 550 °C untersucht. Fiir die Sensoranwendungen wurden verschie-

dene selbst entwickelte Messaufbauten verglichen und optimiert.
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Summary

Summary

The position of the photonic band gap of a metal oxide inverse opal, so the reflection of
light of a certain wavelength range, is used as an optical sensor signal to detect gases and
liquids. This band gap is, beside others, determined by the refractive index of the metal
oxide and the fluid in the pores. Changing one of them results in a band gap shift. The
optical read out of a sensor signal does not require a direct contacting of the transducer

and so a remote read out in harsh environments is possible.

Tungsten oxide inverse opals were used as transducers. For this purpose the synthesis of
tungsten oxide inverse opals was investigated and optimized. As sensing mechanism for
the optical hydrogen sensor the intercalation of hydrogen into the tungsten oxide lattice

and the temperature dependent back reaction were clarified.

The optical gas detection was realized basing on a tungsten oxide inverse opal for hydro-
gen detection. Hydrogen concentrations are detected from 3000 ppm to 10 %. This is pos-
sible at least up to 500 °C. The refractive index of liquids can be measured with tungsten
oxide inverse opals, the responsiveness corresponds to a glucose concentration of 8.4 g/L.
Beside this the stability of indium oxide inverse opals, a possible transducer for gas sensing
in harsh environments, is tested up to temperatures of 550 °C. For the sensing applica-

tions different custom build measurement setups are compared and optimized.






1. Einleitung

1. Einleitung

Die Detektion von Gasen spielt heute unter anderem bei Industrieprozessen, Abgasun-
tersuchungen, Leck-Ortungen und Arbeitsplatz-Uberwachungen eine wichtige Rolle.
Hierflr konnen Sensoren auf der Basis halbleitender Metalloxide eingesetzt werden.
Halbleitende Metalloxide reagieren mit einer Vielzahl von Gasen und andern dabei ihre

elektronischen und optischen Eigenschaften.

Durch die Reaktion von oxidierenden oder reduzierenden Gasen mit einem halbleiten-
den Metalloxid andert sich die Zahl der Fehlstellen im Metalloxid und somit sein Wider-
stand. Die dabei ablaufenden Mechanismen unterscheiden sich je nach Metalloxid und
Gas.['31 Mit der Widerstandsidnderung und der damit verbundenen Anderung der Elekt-
ronendichte korrelieren auch die optischen Eigenschaften des Metalloxids. So wurde
gezeigt, dass zum Beispiel Cobaltoxid bei der Reaktion mit Wasserstoff oder Kohlen-
stoffmonoxid sein Absorptionsverhalten dndert.l>! Auch Wolframoxid dndert durch die
Interkalation von Wasserstoff seinen Brechungsindex.[%®! Bekannt ist dieses Verhalten

zum Beispiel von gasochromen Glasern aus Wolframoxid.”!

Diese gasabhingigen Anderungen der Eigenschaften von Metalloxiden erméglichen ih-
ren Einsatz als Transducer in der Gassensorik, also zum Wandeln der Gaskonzentration

in ein elektrisches Signal.

Metalloxid-Gassensoren, die heute im Einsatz sind, werden meist resistiv ausgelesen.
Dabei wird die Anderung des Widerstands aufgrund der Reaktion mit Gasen gemessen.
So kénnen zum Beispiel Sensoren auf der Basis von Zinn(IV)oxid Methan und Kohlen-
monoxid detektieren.!8 Wolfram(VI)oxid dndert seinen Widerstand unter anderem bei
Reaktion mit Wasserstoff,!® Indiumoxid unter anderem bei der Reaktion mit Ozon und
Stickoxiden!%!1l und Cobalt(ll,Ill)oxid unter anderem bei der Reaktion mit Kohlenmon-

oxid.B!

Die Messung der Widerstandsanderung erfordert eine elektrische Kontaktierung des
Metalloxids. Diese Kontaktierung stellt haufig ein Stabilitatsproblem in rauen Umgebun-
gen dar. Speziell bei hohen Temperaturen oder in korrosiven Umgebungen ist die Me-

talloxid-Wirkschicht meist stabil,[®! deren Kontaktierung jedoch nicht. Zudem kdnnen
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Umgebungsbedingungen, wie zum Beispiel explosive Atmosphéaren, weitere Anforde-

rungen an die elektrische Kontaktierung stellen.

Statt resistiv die gasabhingigen Anderungen der Eigenschaften des Metalloxids auszu-
lesen, ist es auch méglich, diese Anderungen optisch zu messen.® Wird dabei zum Bei-
spiel das Reflexionsspektrum gemessen, um so die gasabhangige Reflektivitat zu detek-
tieren, beeinflussen Intensitatsschwankungen der Lichtquelle das Messsignal stark. Der
hier gezeigte Ansatz verwendet nicht die Intensitdt der Reflexion als MessgréRe son-
dern die Lage des Reflexionsmaximums eines photonischen Kristalls. Diese Lage ist gas-
abhingig.['213 Mit der Auswertung der Lage des Reflexionsmaximums ist das Messsig-

nal unabhangig von Intensitatsschwankungen der Lichtquelle.

Photonische Kristalle erhalten ihre charakteristischen Eigenschaften durch die periodi-
sche Anordnung von zwei Materialien. Ein bekanntes Beispiel hierfiir ist der Opal.[**! Ein
Opal besteht aus dichtest gepackten, monodispersen, spharischen Silica-Partikeln mit
Durchmessern zwischen 150 und 400 nm. An den Phaseniibergiangen zu den Silica-Par-
tikeln wird einfallendes Licht gebeugt. Stimmt die Wellenlange des Lichts mit der Peri-
odizitat der Struktur Gberein, so kommt es zu konstruktiver Interferenz und das Licht
dieser Wellenldange wird selektiv reflektiert. Aus dieser selektiven Reflexion eines Wel-
lenlangenbereichs resultiert die fiir photonische Kristalle charakteristische photonische

Bandliicke.[*®! Diese ist optisch auslesbar.

Die photonische Bandliicke ist unter anderem abhangig von dem Brechungsindexkon-
trast der beiden Phasen, aus denen der photonische Kristall besteht. Im Rahmen dieser
Arbeit werden Metalloxid-Inversopale verwendet. Andert sich durch die Reaktion mit
Gasen der Brechungsindex des Metalloxids, so andert sich die Lage der photonischen
Bandliicke. Die Lage der photonischen Bandliicke eines Metalloxid-Inversopals dient in

dieser Arbeit als Sensorsignal.

Alternativ zum Brechungsindex des Metalloxids kann auch der Brechungsindex des Flu-
ids in den Poren des Inversopals gedndert werden. Dies ist zum Beispiel mit Fliissigkei-
ten moglich. Die Brechungsindexkontrast-Anderung, die mit verschiedenen Fliissigkei-

ten erreicht werden kann, ist deutlich groRer als die Anderungen, die durch die Reaktion
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des Metalloxids mit Gasen zu erzielen sind. Eine daraus resultierende groRRere Verschie-
bung der Lage der photonischen Bandliicke vereinfacht zunachst die Messungen und

Auswertungen und somit die Uberpriifung des Sensorkonzepts.

Deshalb werden Wolframoxid-Inversopale als Sensoren zunachst in der Flissigkeitssen-
sorik getestet.[*®l Dafiir wird der Aufbau eines kostengiinstigen Funktionsmusters mit
einer kontinuierlichen und kostenglinstigen Auswertung des Sensorsignals gezeigt. Wei-
tere Moglichkeiten zur Signalerfassung und -auswertung werden diskutiert und vergli-

chen.

AnschlieBend wird die Stabilitdt von Indiumoxid-Inversopalen bei Temperaturen bis
550 °C untersucht, um ihren moglichen Einsatz als Transducer in der Gassensorik in
rauen Umgebungsbedingungen zu bestatigen.'”! Indiumoxid wird bereits als Trans-

ducermaterial fiir die Ozon- und Stickoxiddetektion genutzt.[1011

AbschlieBend wird das Konzept der Gassensorik mit Metalloxid-Inversopalen am Bei-
spiel eines auf Wolframoxid-Inversopalen basierenden Wasserstoffsensors gezeigt.['?
Fir die Reaktion von Wasserstoff mit Wolframoxid wird Platin als Katalysator in den
Wolframoxid-Inversopal eingebracht. Das Sensorsignal und der Mechanismus werden
flr Konzentrationen zwischen 3000 ppm und 10 % Wasserstoff temperaturabhdngig bis
500 °C untersucht und aus den Ergebnissen Bedingungen fiir einen optimalen Sensor-

betrieb abgeleitet.

Bei der Wasserstoffaufgabe auf den Wolframoxid-Inversopal wird Wasserstoff zunachst
am Platin gespalten und interkaliert dann in das Wolframoxid-Gitter, es bildet sich die
sogenannte Wolframbronze. Diese Interkalation andert den Brechungsindex des Wolf-
ramoxids und fihrt zur Verschiebung der photonischen Bandliicke. Die Riickreaktion
der Wolframbronze zum Wolframoxid ist temperaturabhangig. Bei niedrigen Tempera-
turen lauft die Riickreaktion ausschlief3lich als Oxidation ab, so dass hier Sauerstoff fur
die Regeneration des Sensors bendtigt wird. Bei Temperaturen ab 175 °C ist zusatzlich
zur Oxidation eine Disproportionierung moglich, sodass fiir die Regeneration in diesem

Temperaturbereich kein Sauerstoff bendtigt wird. Ab 336 °C findet aulRerdem eine Zer-
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setzung der Wolframbronze statt, bei der Sauerstoff aus dem Wolframoxid-Gitter ge-
nutzt wird. Oberhalb von 336 °C wird deshalb fiir eine vollstdndige Regeneration des

Sensors Sauerstoff in der Umgebung bendtigt.

Ein Verstandnis fiir den Sensormechanismus ermdéglicht nicht nur die Erklarung des Sen-
sorverhaltens sondern erdffnet auch Maoglichkeiten, das Sensorprinzip auf andere Me-

talloxid-Gas-Systeme zu lbertragen.

Die photonische Bandliicke und somit das Sensorsignal kann mit einem Reflexionsspek-
trum detektiert werden. Das Reflexionsspektrum kann kontaktlos ausgelesen werden.
Hierfir ist lediglich eine freie optische Messstrecke zwischen dem photonischen Kristall
und der Ausleseeinheit, zum Beispiel einem Spektrometer, erforderlich. Alternativ zur
Fernauslese kann das reflektierte Licht mit Hilfe einer optischen Faser zur Ausleseein-
heit geleitet werden. Die hierzu benotigten optischen Fasern aus Quarz sind sowohl bei

hohen Temperaturen als auch in korrosiven Umgebungen stabil.
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2.1. Photonische Kristalle

Die wohl markanteste Eigenschaft photonischer Kristalle ist ihre strukturbedingte
Farbe. Diese strukturbedingte Farbe kann zum Beispiel fir die Farbe von Tieren verant-
wortlich sein, wie beim blauen Morphofalter®® (Abbildung 1) oder beim Chaméleon!*°!

(Abbildung 2).

Abbildung 1: Die Nanostruktur erzeugt die blaue Farbe der Fliigel des Morphofalters

Male m2 Male m2
“:.(relaxed) ¥ ~ (excited)

Abbildung 2: Die Farbe des Chamdleons wird durch periodisch geordnete Strukturen er-
zeugt!?l

Photonische Kristalle bestehen meist aus zwei Materialien mit deutlich verschiedenen
Brechungsindizes (n). Eine periodische Variation dieser Brechungsindizes flihrt dazu,
dass das Licht an den Phasengrenzen des Materials reflektiert wird. Dabei muss die Pe-

riodizitat in der GroRenordnung der Wellenldnge von Licht liegen.
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Ein einfaches Beispiel fiir ein Material mit einer periodischen Variation des Brechungs-
indexes ist der Bragg-Spiegel. Dieser besteht aus alternierenden Schichten zweier Ma-

terialien mit deutlich verschiedenen Brechungsindizes (Abbildung 3).

Abbildung 3: Schematische Darstellung eines Bragg-Spiegels, dabei liegt die Schichtdi-
cke in der Gréf8enordnung von Licht

Fallt Licht auf einen Bragg-Spiegel, so wird dieses im Material an den Phasengrenzen
koharent gestreut. Der Wellenlangenbereich des Lichts, der mit der Periodizitat der Bre-
chungsindexvariation tGbereinstimmt, interferiert deshalb konstruktiv mit dem gestreu-
ten Licht gleicher Wellenldange und wird reflektiert (Abbildung 4, links). Dieser reflek-
tierte Wellenldngenbereich entspricht dem Farbeindruck des Bragg-Spiegels.[*! Dieses

Verhalten kann mit der Bragg-Gleichung (1) beschrieben werden:
mA = 2dsin(0) (1)

Dabei ist m die Beugungsordnung, A die reflektierte Wellenldnge, d der Ebenenabstand

und 0O der Einfallswinkel des Lichts.

Abbildung 4. Die einfallenden Wellen werden an der periodisch geordneten Struktur
gebeugt, links trifft dabei die Wellenlédnge die Periodizitéit der Struktur und interferiert
deshalb konstruktiv, rechts ist die Wellenlénge gréfSer als die Periodizitét

10
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Welcher Wellenlangenbereich innerhalb des Materials konstruktiv interferiert und so-
mit reflektiert wird, hdngt von verschiedenen weiteren Parametern ab, die weiter unten

diskutiert werden.

Der Wellenlangenbereich, der vom photonischen Kristall reflektiert wird, wird photoni-

sche Bandliicke genannt.

Die periodische Variation des Brechungsindexes kann nicht nur in eine Raumrichtung
erfolgen sondern auch in zwei oder drei, sodass zwischen ein- zwei- und dreidimensio-
nalen photonischen Kristallen unterschieden wird (Abbildung 5). In den Raumrichtun-
gen, in denen der Brechungsindex periodisch variiert, kann sich eine photonische Band-
licke ausbilden. Ob sich die Bandliicke in allen Raumrichtungen (vollstandige Bandli-
cke) oder nur in einzelnen Raumrichtungen (Stopp-Band) ausbildet, hdangt von der

Struktur des photonischen Kristalls ab.[>!

Abbildung 5: Ein-, zwei- und dreidimensionaler photonischer Kristall

Die Bandstruktur eines photonischen Kristalls wird von verschiedenen Parametern be-
einflusst. Diese sind sowohl die Struktur des Materials als auch der Brechungsindexkon-

trast der zwei Phasen, aus denen der photonische Kristall besteht.

Die Struktur des photonischen Kristalls setzt sich aus der Geometrie (zum Beispiel der
dichtesten Kugelpackung), der Periodizitat und den Volumenanteilen der beiden Pha-

sen zusammen. 19!

Der Einfluss der Periodizitat auf die photonische Bandllicke und damit auf die Farbe des
Materials ist in Abbildung 6 am Beispiel von zwei Wolframoxid-Inversopalen zu sehen.
Bei einer Periodizitdt von ca. 220 nm ist der Farbeindruck der Inversopals blau (links)

und bei einer Periodizitdt von 240 nm ist er griin (rechts).

11
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Abbildung 6: Rasterelektronenmikroskop-Aufnahmen und Fotos zweier Wolframoxid-
Inversopale, links entspricht die rote Linie (jeweils gleich lang) einer Wiederholung von
zehn Kugelporen, rechts neun

Durch die Strukturabhangigkeit der photonischen Bandliicke ist auch der Einfallswinkel
des Lichts auf den photonischen Kristall fiir den Farbeindruck entscheidend. Andert sich
der Einfallswinkel, andern sich auch die Geometrie und die Periodizitdt, an denen das

Licht gestreut wird (Abbildung 7).

Abbildung 7: Andert sich der Einfallswinkel des Lichts (rot dargestellt) so dndern sich
die Periodizitdt und die Geometrie, die das Licht streuen

In dieser Arbeit wurden dreidimensionale photonische Kristalle verwendet: Opale und

inverse Opale.

Natlrliche Opale bestehen aus spharischen Siliciumdioxid-Partikeln mit einem Durch-
messer von 150 bis 400 nm, die in einer dichtesten Kugelpackung angeordnet sind. Die

Poren zwischen den Kugeln sind hiufig mit wasserhaltigem Siliciumdioxid gefuillt.[*4

Synthetische Opale kénnen aus verschiedenen kolloidalen Partikeln hergestellt werden,
zum Beispiel Siliciumdioxid oder Polymere wie Polymethylmethacrylat (PMMA) oder

Polystyrol (PS).[201

12
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Fiir die Synthese von Opalen wird ausgenutzt, dass die Selbstanordnung der Partikel in
einer dichtesten Kugelpackung energetisch bevorzugt ist. Aufgrund der Selbstanord-
nung konnen Opale aus einer Partikeldispersion zum Beispiel durch Verdampfen des

Dispersionsmittels hergestellt werden.[20.21]

Werden die Poren eines Opals geflillt und anschlieRend der als Templat dienende Opal
entfernt, so erhalt man einen Inversopal. Der Inversopal besteht somit aus einer dich-

testen Kugelpackung aus , Luftkugeln” (Poren) und einem Feststoff um diese herum.

Fiir die Synthese von Metalloxid-Inversopalen kénnen Metallsalz-L6sungen in die Poren

von Polymer-Opalen infiltriert werden. AnschlieRend werden diese Salze thermisch zu

den entsprechenden Oxiden umgesetzt und das Polymer-Templat thermisch zersetzt

(Abbildung 8).24

T | Thermische Behandlung T

Abbildung 8: Schematische Darstellung des Syntheseprozesses eines Inversopals: Infil-
tration des Prdkursors in die Poren und anschliefsende thermische Umsetzung des Prd-
kursors und Zersetzung des Templats

Das Reflexionsmaximum eines Inversopals kann mit Hilfe der Bragg-Gleichung, die den

Brechungsindex beriicksichtig (2), abgeschatzt werden.[??]
2d
A =—ng,,sin(0 (2)
m avg ( )
Dabei ist A die reflektierte Wellenlange, d der Ebenenabstand, m die Beugungsordnung,

Navg der mittlere Brechungsindex und 0 der Einfallswinkel des Lichts.

Fiir einen Inversopal kann der mittlere Brechungsindex wie folgt aus dem Brechungsin-
dex des Wandmaterials (nwang), dem Brechungsindex des Fluids in den Poren (newig) und

dem Feststoffanteil (¢) berechnet werden:

Ngyg = Pnwana + (1 — PINppia (3)

13
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Dabei wird angenommen, dass der Brechungsindexkontrast fiir das Ausbilden einer

photonischen Bandllicke ausreichend groR ist.

Flr eine Messung im 90°-Winkel ergibt sich durch Einsetzen von Gleichung (3) in Glei-

chung (2) folgende Abschatzung fiir das Reflexionsmaximum des Inversopals:

1= 120 @)
m d) Wand m ( ¢ Fluid

Alternativ zu dieser einfachen Abschatzung konnen die Lage der photonischen Bandli-

cke und das Reflexionsspektrum eines photonischen Kristalls simuliert werden. Im Rah-

men dieser Arbeit werden daflir zwei verschiedene Softwares genutzt: MIT Photonic

Bands (MPB)[23l und CST Microwave Studio.?*

MPB berechnet die Banddiagramme fir photonische Kristalle, also die Eigenfrequenzen

der Maxwell-Gleichungen fiir periodische dielektrische Strukturen.

Mit dem time domain solver von CST kdnnen unter anderem Reflexionsspektren von
photonischen Kristallen berechnet werden. Dafiir wird die Ausbreitung einer elektro-
magnetischen Welle, die auf eine periodische dielektrische Struktur trifft, mit Hilfe der

Maxwell-Gleichungen in endlichen Zeitschritten (time domain) berechnet.

2.2. Sensorik mit photonischen Kristallen

Wie in Kapitel 2.1 gezeigt, wird die Bandliicke eines photonischen Kristalls von verschie-
denen Parametern bestimmt. Andern sich einer oder mehrere dieser Parameter durch
die Anderung einer zu detektierenden GroRe, so verschiebt sich die Bandliicke. Diese

Verschiebung der Bandliicke kann als Sensorsignal ausgewertet werden.

Der Zusammenhang zwischen den Materialeigenschaften und der reflektierten Wellen-
lange eines Inversopals wird mit Gleichung (4) vereinfacht beschrieben. Anhand dieser
Gleichung ist ersichtlich, dass eine Veranderung des Ebenenabstands, der Volumenan-
teile oder der Brechungsindizes zu einer Verschiebung der photonischen Bandliicke

fuhrt.

Dass die Anderung des Volumenanteils eines Inversopals als Sensorsignal optisch aus-

gelesen werden kann, hat die Arbeit von Alexeev et al. gezeigt.[? Ein Inversopal wurde
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2.2. Sensorik mit photonischen Kristallen

aus einem Hydrogel synthetisiert. Dieses Hydrogel schrumpft bei der Bindung von Glu-
kose. Durch die Schrumpfung des Hydrogels und die damit verbundene Verringerung
des Feststoffanteils im Inversopal verschiebt sich die photonische Bandliicke. Diese Ver-
schiebung der photonischen Bandliicke fiihrt zu einer Farbanderung, die als Sensorsig-

nal ausgelesen werden kann.

Die Verschiebung der photonischen Bandliicke eines Inversopals aufgrund der Ande-
rung des Brechungsindexkontrasts als Sensorsignal wird in dieser Arbeit untersucht.

Dieser Mechanismus wird daher in den folgenden Ausflihrungen genauer betrachtet.

Um den Brechungsindexkontrast eines Inversopals zu andern, kann entweder der Bre-
chungsindex des Fluids in den Poren oder der Brechungsindex des Wandmaterials ge-

andert werden.

Dass eine Anderung des Fluids in den Poren zu einer Verschiebung der photonischen
Bandliicke fiihrt, haben Blanford et al. gezeigt.[??! Der Brechungsindex des Fluids (nfuid)
andert sich durch den Austausch der Luftphase mit verschiedenen Fliissigkeiten. In Ab-
hangigkeit von den Brechungsindizes der Flissigkeiten andert sich somit der Brechungs-
indexkontrast des Inversopals. Die aus der Brechungsindexkontrast-Anderung resultie-
rende Verschiebung der photonischen Bandllicke ist spektroskopisch messbar. Diese
Verschiebung kann somit mit einem geeigneten Messaufbau und einer geeigneten Ka-
libration genutzt werden, um den Brechungsindex von Flissigkeiten zu bestimmen. Eine
Umsetzung dieses Messprinzips mit einem einfachen Messaufbau wird in der Veroffent-
lichung ,,Photonic crystal-based fluid sensors: Toward practical application” gezeigt.[®!

Dabei werden Wolframoxid-Inversopale als Transducer eingesetzt.

Alternativ kann der Brechungsindex des Wandmaterials des Inversopals durch eine zu
detektierende GroRe verandert werden. Méglich ist diese Anderung des Brechungsin-
dexes zum Beispiel bei einem Metalloxid-Inversopal durch die Reaktion mit einem ent-

sprechenden Gas.

Ein Beispiel fiir die Anderung des Brechungsindexes eines Metalloxids beim Kontakt mit
Gas ist Wolframoxid. Wolframoxid interkaliert Wasserstoff in sein Kristallgitter. Durch
die Interkalation von Wasserstoff verringert sich der Brechungsindex des Wolframoxids

im sichtbaren Bereich.[®:13]
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2.3. Optische Spektroskopie

Mit der Anderung des Brechungsindexes bei der Reaktion mit Gasen kann so, nach einer
Kalibration, die Konzentration eines Zielgases spektroskopisch bestimmt werden. Basie-
rend auf diesem Messprinzip wird ein Wasserstoffsensor mit einem Wolframoxid-In-
versopal in der Veroffentlichung , Tungsten Oxide Photonic Crystals as Optical Trans-

ducer for Gas Sensing” untersucht.[*?

2.3. Optische Spektroskopie

Die Reflexionsspektren der photonischen Kristalle wurden in dieser Arbeit mit einem
USB-Faser-Spektrometer (Ocean Optics, USB2000+ VIS-NIR-ES) und einem FTIR-Spek-
trometer (Bruker, Vertex70) gemessen. Der Messbereich des FTIR-Spektrometers deckt
durch den Einsatz von Aluminiumspiegeln und einer Xenon-Lichtquelle auch den Be-
reich des sichtbaren Lichts ab. Die Kombination des FTIR-Spektrometers mit einem Mik-

roskop (Bruker, Hyperion 1000) ermdglicht ortsaufgeldste Messungen.

Um die Reflexionsspektren (Reflektivitat der Probe (Rerobe(A))) aus den gemessenen wel-
lenlangenabhangigen Intensitdaten der Probe (/probe(A)) zu erhalten, wurden diese mit ei-
nem Siliciumwafer normiert. Der Siliciumwafer wurde genutzt, da er genauso wie pho-

tonische Kristalle eine gerichtete Reflektivitat zeigt.

Eine Normierung der Reflexionsspektren ist notig, da folgende GréRen der Messaufbau-

ten wellenldangen- und zeitabhadngig sind:

e Intensitat der Lichtquellen
e Sensitivitat der Detektoren
o Reflektivitat der Spiegel

e Transmissivitat der optischen Fasern

Zur Normierung wird die gemessene Intensitat der Probe durch die gemessene Intensi-
tat des Wafers (lwafer(A)) geteilt und mit der bekannten Reflektivitdit des Wafers

(Rwafer(A)) multipliziert (Gleichung (5)).

IProbe (A)

RProbe (A) = IWafer(/l)

RWafer(/l) (5)

Bei der Beugung von Licht an photonischen Kristallen treten zwei Arten von Streuung
auf. Einerseits wird das Licht an der periodisch geordneten Struktur gestreut (Bragg-
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2.4. Wolframoxid (WO3)

Streuung). Andererseits wird das Licht an den Partikeln selbst gestreut (Mie-Streuung).
Diese beiden Streuungen Uberlagern sich und fiihren zu einer asymmetrischen
Peakform im Reflexionsspektrum des photonischen Kristalls. Die Asymmetrie des Peaks

wird beim Fano-Modell (Gleichung (6)) beriicksichtigt.[26-28]

Deshalb wurde der Fano-Fit in einigen Untersuchungen fiir das Fitten der Spektren ver-
wendet und anschlieBend die Peakposition als Signal ausgewertet.

[q L 2@ - /10)]2

Fmax

1+a2 _ 2
q 1+[2(Ar/10)]

F(A) =4+ (6)

Dabei ist F die Intensitdt, Ao der Offset der Intensitdt, g der Asymmetriefaktor, A die
Wellenldnge, Ao die Wellenldnge der Peakposition und I die Peakbreite (vgl. Abbildung
4 in Kapitel 8).

2.4. Wolframoxid (WOs)

Wolframoxid ist aus eckenverkniipften Sauerstoff-Oktaedern aufgebaut, in deren Zen-
tren die Wolframatome sitzen (ReOs-Struktur). Eine Verzerrung dieser Oktaeder-Struk-

tur resultiert in den verschiedenen Modifikationen des Wolframoxids.[?°]

In das Wolframoxid-Gitter konnen kleine Atome interkalieren, zum Beispiel Lithium und
Wasserstoff (der Mechanismus wird flir Wasserstoff in Kapitel 8, Abschnitt ,,Sensing
Mechanism and Modeling” genauer beschrieben).% Diese Interkalation fiihrt zu einer
Anderung des Brechungsindexes des Wolframoxids!® und somit zu einer Verschiebung
der photonischen Bandliicke. Die Wasserstoff-Interkalation in das Wolframoxid-Gitter
wird als optisch auslesbares Sensor-Signal untersucht. Bei den Untersuchungen von
Wolframoxid-Inversopalen als Transducer fir die Wasserstoffsensorik werden das Sen-

sorverhalten sowie der Mechanismus analysiert.
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2.5. Indiumoxid (In203)

2.5. Indiumoxid (In,03)

Die stabile Phase des Indiumoxids entspricht dem CaF,-Gitter mit Fluorid-Leerstellen,
sodass jedes Indiumatom von sechs Sauerstoffatomen koordiniert wird. In dem CaF;-
Gitter besetzen die Indiumatome die Calcium-Platze, die in einem kubisch-flaichen-
zentrierten Gitter angeordnet sind. Die Sauerstoffatome besetzen % der Fluorid-Platze,

die in den Tetraederliicken des Indium-Gitters liegen.[2®31]

Indiumoxid ist in der Halbleitergassensorik als Transducermaterial bekannt. Es kann zur
Detektion von oxidierenden Gasen, zum Beispiel Ozon oder Stickoxiden, verwendet
werden. Die Reaktion des Indiumoxids mit oxidierenden Gasen fiihrt zu einer Verringe-

rung der Sauerstoff-Fehlstellen und somit zu einem Anstieg des Widerstands.[3233]

Da die optischen und die elektrischen Eigenschaften eines Materials zusammenhan-
gen,™ ist Indiumoxid ein moégliches Transducermaterial fiir die Sensorik mit photoni-
schen Kristallen und wurde deshalb hinsichtlich seiner Temperaturstabilitat in der In-

versopal-Struktur untersucht.
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3. Zusammenfassende Diskussion

3. Zusammenfassende Diskussion

Um photonische Kristalle als Transducer in der Sensorik einzusetzen, wurde die bereits
entwickelte Synthese zur Herstellung von Indiumoxid-Inversopalen®# im Verlauf dieser
Arbeit optimiert und auf Wolframoxid-Inversopale tGbertragen. Anschliefend wurden
Wolframoxid-Inversopale zur Flissigkeitsdetektion eingesetzt. Flir Hochtemperaturan-
wendungen wurden die Temperaturstabilitat von Indiumoxid-Inversopalen und die Re-
aktion von platin-dotierten Wolframoxid-Inversopalen auf Wasserstoff bei Temperatu-

ren bis 500 °C unter anderem spektral untersucht.

3.1. Synthese

Die Synthese von Metalloxid-Inversopalen mittels eines Abformungsprozesses gliedert

sich, wie in Kapitel 2.1 (Abbildung 8) beschrieben, in drei Schritte:

1. Synthese des Opal-Templats: Die mittels tensidfreier Emulsionspolymerisa-

tion3% synthetisierten, kolloidalen, monodispersen PMMA-Partikel werden in
der dichtesten Kugelpackung abgeschieden.

2. Impragnieren des Templats: Der Metalloxid-Prakursor, zum Beispiel das ent-

sprechende Metallsalz, wird in die Poren des synthetischen Opals gefiillt. An-
schlieBend wird das Komposit getrocknet, um das Lésemittel zu entfernen.

3. Umsetzung zum Inversopal: Das Komposit wird bei geeigneter Temperatur im

Ofen behandelt. Dabei wird der Metalloxid-Parkursor zum Metalloxid umgesetzt

und das Opal-Templat entfernt.

3.1.1. Synthese des Opal-Templats

Die synthetischen Opale wurden aus PMMA hergestellt. Daflir wurden zunachst mono-
disperse PMMA-Partikel (Polydispersitatsindex <0,1) mit einem hydrodynamischen
Durchmesser von 270 bis 300 nm mittels tensidfreier Emulsionspolymerisation(3! syn-
thetisiert. AnschlieRend wurde die so erhaltene wassrige Dispersion auf einen gereinig-
ten Objekttrager getropft und getrocknet. Dabei ordnen sich die Partikel in der dichtes-

ten Kugelpackung an, da diese Anordnung dem energetischen Minimum entspricht.
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3.1. Synthese

Die Dispersion wurde bei den ersten Untersuchungen aufgetropft und getrocknet, wah-
rend das Substrat mit Ultraschall angeregt wurde.[16:3436] Spitere Untersuchungen ha-
ben gezeigt, dass eine Erhdhung der Temperatur wahrend der Selbstanordnung die
Opalqualitat maRgeblich verbessert und somit auf die Behandlung mit Ultraschall ver-

zichtet werden kann.

Die PMMA-Dispersion wurde bei verschiedenen Temperaturen auf die Glassubstrate

aufgetropft und anschlieRend getrocknet. Die Tropfen und die resultierenden Opale

zeigt Abbildung 9.

Abbildung 9: PMMA-Opal-Deposition bei verschiedenen Temperaturen, oben: die auf-
getropfte Dispersion, unten: die resultierenden Opale

Die Opalfilme zeigen eine deutliche Ringbildung am Rand. Dieser Ring ist weniger stark
ausgepragt je hoher die Temperatur ist, bei der der Opal abgeschieden wurde. Die

Ringbildung ist auf den Kaffeering-Effekt®”! zuriickzufiihren.

Damit der Kaffeering-Effekt auftritt, muss ein konvexer Tropfen einen fixierten Rand
aufweisen. Am Rand verdampft das Dispersionsmittel dann schneller als in der Mitte.
Deshalb wird Dispersion aus der Mitte zum Rand des Tropfens transportiert und somit

auch Partikel, die dann dort abgeschieden werden.

Dem Kaffeering-Effekt wirkt der Marangoni-Effekt entgegen.38 Der Marangoni-Effekt
beschreibt, dass durch das Verdunsten des Dispersionsmittels an der Oberflache dort
die Temperatur sinkt und damit die Oberflichenspannung steigt (Abbildung 10,
links).13%! Dieser Gradient in der Oberflichenspannung fiihrt dazu, dass die Partikel in
der Dispersion von der Oberflache weg in die Mitte des Tropfens transportiert werden

(Abbildung 10, rechts). Wird als Dispersionsmittel Wasser verwendet, kann schon eine
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3.1. Synthese

kleine Konzentration oberflachenaktiver Verunreinigungen die Oberflachenspannung

so stark beeinflussen, dass der Marangoni-Effekt stark reduziert wird.

V1~ —— — 240084 — - , ‘
007 04 06 08 1 T2 14"
r

Abbildung 10: Links der berechnete Temperaturgradient durch das Verdunsten des Was-
sers als Dispersionsmittel innerhalb eines Tropfens mit einem Kontaktwinkel von 40° und
rechts die daraus resultierenden Strémungslinien (adaptiert nach H. Hu, R. G. Larson,
mit der Erlaubnis von Langmuir 2005, 21, 3972. Copyright 2005 American Chemical
Society)

Der Temperaturgradient innerhalb des Tropfens wurde in diesem Versuch durch das
Erhitzen von unten vergrofRert, sodass auch der Marangoni-Effekt mit steigender
Temperatur verstarkt wurde. Der starker ausgepragte Marangoni-Effekt verringert die

Ausbildung eines Rings am Rand des Opalfilms deutlich.

Der Marangoni-Effekt konnte auch die Beobachtung stiitzen, dass die Opalqualitat von
der relativen Luftfeuchtigkeit und der Temperatur der Umgebung abhangt. Wenn die
Luftfeuchtigkeit hoéher ist, nimmt die Abdampfrate und somit auch der
Temperaturgradient innerhalb des Tropfens ab. Bei hoheren relativen
Luftfeuchtigkeiten ist deshalb ein deutlich ausgepragterer Ring am Rand des Opals zu
erwarten. Genauso fiihrt eine héhere Umgebungstemperatur zu einem kleineren
Temperaturgradienten innerhalb des Tropfens, wenn das Substrat geheizt wird. Durch
den so verringerten Marangoni-Effekt ist ein ausgepragterer Ring zu erwarten.
Konstante Umgebungstemperatur und Luftfeuchtigkeit fihrten zu einem konstant
ausgepragten Marangoni-Effekt. Konstante Umgebungsbedingungen waren also fir
eine immer gleich ausgepragte Ringbildung am Rand des Opals von Vorteil. Konnten die
Umgebungsbedingungen kontrolliert werden, knnten diese so eingestellt werden,
dass der Maragoni-Effekt den Kaffeering-Effekt moglichst stark kompensiert. So waren

Opale mit einem moglichst kleinen Rand realisierbar.
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3.1. Synthese

3.1.2. Imprégnieren des Templats

Ein PMMA-Opal lasst sich aufgrund seiner unpolaren Oberflache schlecht mit Wasser
benetzen. Deshalb flillt eine wassrige Losung die Poren des PMMA-Opal-Templats nicht.
Um eine ausreichende Benetzbarkeit der PMMA-Oberflache mit der Prakursor-Losung
zu erreichen, wurde fir die Indiumoxid-Inversopal-Synthese eine ethanolische
Indiumnitratlosung (In(NOz)3-xH20) zum Impragnieren des Opal-Templats verwendet.
Fir die Wolframoxid-Inversopal-Synthesen wurde Ammoniummetawolframat
((NH4)6H2W12040-xH20) verwendet. Dies ist jedoch kaum in Ethanol |6slich. Deshalb
wurde das Ammoniummetawolframat zunachst in Wasser gelést und diese Losung
anschlieBend mit Ethanol verdinnt. Mit diesem Ldsemittel-Gemisch konnte eine
ausreichende Loslichkeit des Ammoniummetawolframats und eine ausreichende
Benetzung des PMMA-Opals mit der Losung erreicht werden, sodass der Prakursor in

die Opalporen eingebracht werden konnte.

Nach der Impragnierung wurde das Komposit getrocknet, um das Losemittel zu entfer-
nen. Im Vergleich zum Indiumnitrat-PMMA-Komposit (24 h bei Raumtemperatur, an-
schlieBend 72 h bei 60 °C) war beim Ammoniummetawolframat-PMMA-Komposit eine
deutlich klrzere Trockenzeit von lediglich 3 h bei 60 °C n6tig. Vermutlich hangt die sehr
lange Trockenzeit beim Indiumnitrat-PMMA-Komposit mit der starken Hygroskopie des
Indiumnitrats zusammen, die das Ammoniummetawolframat nicht im gleichen Ausmaf}

zeigt.

3.1.3. Umsetzung zum Inversopal

Die Umsetzung des Indiumnitrat-Opal-Komposits zum Indiumoxid-Inversopal erfolgte
bei 300 °C. Dass diese Temperatur flir das PMMA-Indiumnitrat-System eine geeignete
Umsetzungstemperatur ist, haben Massenspektrometrie- (MS) und Thermogravime-
trie- (TG) Messungen gezeigt (Abbildung 5 in 341). Analoge Messungen zum Ammonium-
metawolframat-PMMA-System (Abbildung 11 bis Abbildung 13) zeigten, dass eine ther-

mische Umsetzung des Komposits bei 400 °C geeignet ist.

Die Untersuchungen wurden mit einer Thermowaage (Mettler Toledo TGA/SDTA851)
und einem gekoppelten Massenspektrometer (Pfeiffer Vacuum OmniStar) durchge-

fahrt.
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3.1. Synthese

Bei den massenspektrometrischen Untersuchungen zum PMMA-Ammoniummetawolf-
ramat-Komposit werden im Folgenden zwei charakteristische Massen betrachtet: 69 u
und 14 u. Die Masse von 69 u ist charakteristisch fiir das Monomer des PMMAs, Me-
thylmethacrylat (NIST MS-Nummer 385718[%%1), 14 u sind unter anderem charakteris-
tisch fiir Stickstoffatome. Diese kdnnen einerseits aus Ammoniak, einem Zersetzungs-
produkt des Ammoniummetawolframats, entstehen. Andererseits wurde die Messung
in Luft durchgefiihrt, sodass das System unter anderem mit Stickstoff gespult wurde.
Luft als Tragergas erklart die vergleichsweise hohen Messwerte fiir eine Masse von 14 u.
Anderungen dieses Massesignals kénnen dennoch die Zersetzung von Ammoniumme-

tawolframat zeigen.

14 \\.‘ — 7 —_— 3.0x10°
L —14u
12 | —89u
< 2.5x10°
10 |
~ 8} S
= P z20x10° £
al J40x10" B
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Abbildung 11: TG-MS-Messung von PMMA-Partikeln, links beim Aufheizen der Probe
mit 0,5 °C/min, rechts anschliefSend bei einer konstanten Temperatur von 400 °C

Die TG-Messung von PMMA-Partikeln (Abbildung 11) zeigt eine Massenabnahme um
96,4 % im Temperaturbereich von 250 bis 330 °C. Wahrend dieser Massenabnahme de-
tektiert das Massenspektrometer die Masse von 69 u, wahrend das MS-Signal fiir 14 u
unverandert bleibt. Die Erhéhung des MS-Signals von 69 u ldsst den Schluss zu, dass das
PMMA zwischen 250 und 330 °C zersetzt wird und das MS-Signal fiir 14 u durch die Zer-

setzung von PMMA nicht beeinflusst wird.

Die Ergebnisse der analog durchgefiihrten Messung mit Ammoniummetawolframat
sind in Abbildung 12 gezeigt. Die Massenabnahmen des Ammoniummetawolframats

zwischen 25 und 400 °C sind in Tabelle 1 zusammengefasst.
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Abbildung 12: TG-MS-Messung von Ammoniummetawolframat, links beim Aufheizen
der Probe mit 0,5 °C/min, rechts anschliefSend bei einer konstanten Temperatur von
400 °C

Tabelle 1: Ergebnisse der Thermogravimetrie fiir Ammoniummetawolframat

Temperatur [°C] | Abnahme der Masse [%] Ursache

bis 100 2,4 Kristallwasser

250-310 4,7 (bezogen auf die Masse nach | Umsetzung des Ammonium-
der ersten Stufe) metawolframats (NHs + H;0)

370-390 0,9 (bezogen auf die Masse nach | Umsetzung des Ammonium-
der ersten Stufe) metawolframats (H20)

Die Massenabnahme des Ammoniummetawolframats bis 100 °C lasst sich mit dem Ver-

lust des Kristallwassers erklaren.

Wahrend der zweiten Massenabnahme ist in der Massenspektrometrie ein Anstieg des
Signals flr 14 u zu beobachten. AnschlieBend ist eine weitere Massenabnahme zu be-

obachten, bei der sich das MS-Signal flir 14 u nicht andert.

Die zweite und dritte Massenabnahme deuten auf einen zweistufigen Umsetzungsme-

chanismus des Ammoniummetawolframats hin:
(NH4)6H2W12040 > 12 WO3 + 6 NH3 + 4 H,0 (1

Waéhrend der ersten Stufe der Umsetzung (zweite Massenabnahme; 4,7 %) entweichen
vermutlich das Ammoniak und ein Teil des Wassers. Die sechs entstehenden Ammoni-

akmolekile pro Molekil wasserfreiem Ammoniummetawolframat entsprechen 3,4 %
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3.1. Synthese

der Masse. Ein Wassermolekiil entspricht 0,6 % der Ursprungsmasse. Die Massenab-
nahme von 4,7 % deutet darauf hin, dass zusatzlich zum Ammoniak zwei Wassermole-
kile pro Molekil Ammoniummetawolframat in dieser Umsetzungsstufe freigesetzt
werden. Das entsprache 4,6 % der Gesamtmasse des wasserfreien Ammoniummeta-

wolframats.

Bei der letzten Massenabnahme wiirden somit zwei weitere Wassermolekiile freige-
setzt. Jedoch ist die Massenabnahme mit 0,9 % etwas geringer als die theoretischen
1,2 %. In Ubereinstimmung mit den Massenspektrometriedaten zeigen die Pulver-Ront-
gendiffraktometrie-Ergebnisse (PXRD) (Abbildung 3 in Kapitel 8), dass im synthetisierten

Wolframoxid auch eine Phase WO0O3-3H,0 enthalten ist.

Das MS-Signal fur 69 u wird durch die Zersetzung des Ammoniummetawolframats nicht

beeinflusst, es ist in diesem Versuch also spezifisch fir die Zersetzung des PMMA:s.

Die thermogravimetrische und massenspektroskopische Untersuchung des Komposits
aus Ammoniummetawolframat und PMMA (Abbildung 13) ergaben unter anderem die

in Tabelle 2 zusammengefassten Anderungen der Probenmasse.

T T T T T T T T T T T T 4.0x10°
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Abbildung 13: TG-MS-Messung des Ammoniummetawolframat-PMMA-Komposits,
links beim Aufheizen der Probe mit 0,5 °C/min, rechts anschliefSend bei einer
konstanten Temperatur von 400 °C
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Tabelle 2: Ergebnisse der Thermogravimetrie fiir das PMMA-
Ammoniummetawolframat-Komposit

Temperatur [°C] | Abnahme der Masse [%] Ursache
bis 70 1,6 Kristallwasser
250-350 43,4 (bezogen auf die Masse | Zersetzung PMMA und Umsetzung
nach der ersten Stufe) des Ammoniummetawolframats
(NHs + H0)
350-400 1,9 (bezogen auf die Masse | Umsetzung des Ammoniummeta-
nach der ersten Stufe) wolframats
(H20)

Die Massenabnahme der TG-Messung unter 100 °C wird auch beim Komposit auf den
Verlust von Kristallwasser des Ammoniummetawolframats zuriickgefiihrt. Ein Vergleich
dieser Massenabnahme des Komposits mit der des Ammoniummetawolframats ermog-
licht eine Abschatzung des Massenanteils des Ammoniummetawolframats im Kompo-
sit. Ein Anteil von 67 Gew.-% Ammoniummetawolframat im Komposit ergibt sich unter
der Annahme, dass der Anteil des Kristallwassers im Ammoniummetawolframat jeweils

gleich war.

Wahrend der zweiten Stufe der Massenabnahme wird das PMMA des Komposits zer-
setzt und die Umsetzung des Ammoniummetawolframats zum Wolframoxid findet teil-
weise statt. Dabei enden die Zersetzung und die Umsetzung im Vergleich zu den Rein-
substanzen bei hoheren Temperaturen (350 °C im Vergleich zu 310 °C bei Ammonium-

metawolframat beziehungsweise 330 °C bei PMMA).

Entsprechend sind auch die MS-Signale fiir 14 und 69 u bei der Messung des Komposits

im Vergleich zu den Reinsubstanzen verschoben (Tabelle 3).

Tabelle 3: Vergleich der Massensignale der Reinsubstanzen und des Komposits

Masse [u] Temperatur [°C] Temperatur [°C]
Reinsubstanz Komposit

14 290-310 300-350

69 250-330 300-350
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Eine Verschiebung ist auch bei der dritten Massenabnahme in der TG-Messung des
Komposits im Vergleich zur dritten Massenabnahme des reinen Ammoniummetawolf-
ramats zu beobachten. Beim Komposit findet die dritte Massenabnahme von 350 bis
400 °C statt, bei der Reinsubstanz von 370 bis 390 °C. AuRerdem ist die Massenab-
nahme mit 1,9 % innerhalb dieser Stufe deutlich groRer als die 0,9 % der Reinsubstanz.
Die dritte Massenabnahme entspricht 2,8 % bezogen auf das wasserfreie Ammonium-
metawolframat unter der Annahme, dass 67 % des Komposits aus Ammoniummeta-
wolframat bestehen (siehe oben). Eine Massenabnahme von 2,8 % des Ammoniumme-
tawolframats ist auch groBer als die Massenabnahme von 2,4 %, die nur mit der Entste-

hung von Wasser wahrend der Umsetzung (1) zu erklaren ware.

Die Ergebnisse der Komposit-TG-MS-Messung bezogen auf die zweite und dritte Stufe
der Massenabnahme deuten darauf hin, dass sich die Umsetzung des Ammoniummeta-
wolframats und die Zersetzung des PMMAs gegenseitig beeinflussen und zu héheren

Temperaturen verschoben werden.

Um das Komposit thermisch im Ofen umzusetzen, wurde als Heizrampe sowohl fir die
Indiumoxid- als auch die Wolframoxid-Inversopale 0,5 °C/min gewahlt. Das langsame
Aufheizen ermoglicht, dass verbliebenes Losemittel, Kristallwasser und Zersetzungspro-
dukte ausreichend langsam das Komposit verlassen kénnen, ohne dabei die Anordnung

der PMMA-Partikel zu zerstoren.
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3.2. Flussigkeitssensor

Die Detektion von Fliissigkeiten mit Hilfe eines Inversopals beruht auf einer Anderung
des Brechungsindexkontrasts zwischen dem Metalloxid und dem Fluid in den Poren.
Wird das Fluid in den Poren und damit sein Brechungsindex geandert, so andert sich der
Brechungsindexkontrast. Die Anderung des Brechungsindexkontrasts resultiert in einer
Anderung der photonischen Bandliicke. Durch die Anderung der photonischen Bandlii-
cke verschiebt sich das Reflexionsmaximum im Reflexionsspektrum. Die Verschiebung
des Reflexionsmaximums ist gleichbedeutend mit einer Anderung der Farbe des photo-

nischen Kristalls (Abbildung 14).

- =T s

Abbildung 14: WOs-Inversopal mit Luft (links) und Ethanol (rechts) als Porenfluid

Um die Verschiebung des Reflexionsmaximums zu messen gibt es mehrere kostenglins-

tige Moglichkeiten:

e Messung der Reflexionsintensitat einer Wellenldange, die in der Flanke des Refle-

xionspeaks liegt (Abbildung 15)16]
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Abbildung 15: Als Signal wird die Reflexionsintensitdt bei einer Wellenléinge gemessen
und gegen die Zeit aufgetragen
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3.2. Flussigkeitssensor

e Messung des vollstandigen Reflexionsspektrums mit einem Spektralsensor (zum
Beispiel Spark-VIS von OceanOptics) und anschlieBende Auswertung des Spekt-
rums (Abbildung 16)
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Abbildung 16: Das vollstidndige Spektrum wird gemessen, anschliefSend die Peaklage
ausgewertet und gegen die Zeit aufgetragen

e Messung der Reflexionsintensitdat zweier Wellenlangenbereiche in der linken
und rechten Flanke des Reflexionspeaks mit zwei Fotodioden mit unterschiedli-
chen Sensitivitdten; anschlieRend wird das Verhéltnis der beiden Photostrome

ausgewertet (Abbildung 17)11

methanol —— photodiode 1

isopropyl alcohol — — photodiode 2 20

10 |- -

e
2]

16 -

e
kS

0.3
1.2 E

10 -

intensity [%]
ratio photocurrent

0.8 i
0.6 L

[WV] epotpojoud Ayamisuss

0 N
500 600 700 800 0.0 0.5 1.0 1.5 2.0 25 3.0

wavelength [nm] time [min]

Abbildung 17: Das Verhdltnis der Stréme zweier Photodioden mit unterschiedlichen
Sensitivitédten wird gemessen und gegen die Zeit aufgetragen

Im Folgenden werden diese Verfahren hinsichtlich ihres Aufbaus und ihrer Auflésung

verglichen.
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3.2. Flussigkeitssensor

Die Veroffentlichung ,,Photonic crystal-based fluid sensors: Toward practical applica-
tion“11®! untersucht den Aufbau eines Fliissigkeitssensors mit einem Wolframoxid-In-
versopal als Transducer. Dabei wird mit der Messung der Reflexionsintensitat einer Wel-
lenlange eine Auflosung von 0,01 RIU (Brechungsindexeinheiten, refractive index unit)
des Brechungsindexes der Flissigkeiten in den Poren des Inversopals erreicht. Fiir diese
Messungen wurde eine einfache, fiir diese Messaufgabe entworfene Messzelle verwen-

det.

Die Verschiebung des Reflexionsmaximums betragt 327 nm/RIU. Diese Verschiebung

stimmt anndhernd mit den theoretischen Berechnungen von 270 nm/RIU Uberein.

Um eine hohere Auflosung als die bereits gezeigten 0,01 RIU zu erreichen, kann das
vollstandige Spektrum mit Hilfe des Spektralsensors gemessen werden. Fiir die Messun-
gen mit dem Spektralsensor wurde die Messzelle angepasst und die photonische Band-
licke in Transmission gemessen. Fir die Transmissionsmessung wird die Probe mit ei-

ner WeiBlicht-LED beleuchtet (Abbildung 18).

_ Spektralsensor

- of{)nischer Kristall

I

2y Fluid-Ein- und Auslass

Abbildung 18: Messaufbau zur Detektion von Fliissigkeiten mit dem Spektralsensor

Die Transmissionsspektren konnen mit dem Fano-Fit (Gleichung (6)) ausgewertet wer-
den. Aus den resultierenden Peakpositionen kann die brechungsindexabhangige Ver-
schiebung der photonischen Bandliicke bestimmt werden. Mit diesem Messaufbau wird
eine Auflésung von 0,001 RIU erreicht. Dies wurde mit Ethylenglycol-Wasser-Mischun-

gen gezeigt (Abbildung 19).
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Abbildung 19: links: Peakposition im Reflexionsspektrum als Messsignal aufgetragen
gegen die Zeit, rechts: Auftragung der Kennlinie

Die Auswertung der Peakverschiebung mit zwei Fotodioden fiihrt zu der gleichen Auf-
l6sung von 0,001 RIU.*! Diese kostengiinstige Auswertung erméglicht den Einsatz eines

Brechungsindexsensors auf der Basis von Inversopalen.

Die Bestimmung des Brechungsindexes auf der Basis von Metalloxid-Inversopalen er-
moglicht diese in einem deutlich groReren Bereich als handelsiibliche Laborrefraktome-
ter. Laborrefraktometer decken Ublicherweise einen Messbereich von ca. 1,32 bis
1,70 RIU ab (zum Beispiel Kriiss, DR6100). Der Messbereich eines Metalloxid-Invers-
opal-Refraktometers beginnt bei 1,00 RIU und ist nach oben durch den Brechungsindex

des Metalloxids limitiert. Dieser liegt bei Wolframoxid zum Beispiel bei ca. 2,1 RIU.
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3.3. Hochtemperatur-Gassensorik

Die Detektion von Gasen mit Metalloxid-Inversopalen bei hohen Temperaturen setzt
eine ausreichende Temperaturstabilitdt der Inversopale voraus. Deshalb wurde die
Temperaturstabilitat der Struktur von Indiumoxid-Inversopalen untersucht. Die Ergeb-
nisse dieser Untersuchung sind in der Veroffentlichung ,High-temperature stable in-
dium oxide photonic crystals: transducer material for optical and resistive gas sen-

sing“l7) gezeigt.

Indiumoxid-Inversopale wurden bei Temperaturen bis 550 °C getempert, anschliefend
wurden die Reflektivitat und das Kristallitwachstum untersucht. Ausgewahlte Proben
wurden auBerdem rasterelektronenmikroskopisch analysiert. Wahrend der Temper-
prozesse nimmt mit zunehmender Temperatur die KristallitgroRe zu und das Reflexions-
maximum wird zu kleineren Wellenlangen verschoben (Abbildungen 6 und 4 in Kapitel
7). In den Rasterelektronenmikroskop-Aufnahmen (Abbildung 7 in Kapitel 7) sind Ver-
anderungen der Inversopal-Struktur zu beobachten: Die Fenster der Inversopal-Struktur
werden durch Sinterprozesse vergréRert und es formt sich eine Stab-Struktur. Diese An-
derung der Struktur erklart zusammen mit einem Verlust von Indiumoxid durch Ab-
dampfen und dem daraus resultierenden kleineren Volumenanteil in der Inversopal-
Struktur auch die Verschiebung im Reflexionsspektrum. Die Verschiebung des Reflexi-
onsmaximums konnte mit Hilfe von Simulationen (Abbildung 8 in Kapitel 7) diesen

Struktur-Anderungen zugeordnet werden.

Die Untersuchungen der Indiumoxid-Inversopale zeigten eine Temperaturstabilitat der
photonischen Struktur bis mindestens 550 °C fiir 72 h. Die Stabilitat der photonischen
Struktur bei Temperaturen tber 550 °C konnte nicht untersucht werden, da sonst die

Glastemperatur des Glassubstrats tiberschritten worden wére.

Photonische Kristalle als Transducer bieten auch den Vorteil, dass eine einfache Uber-
prifung der Struktur anhand des Farbeindrucks moglich ist. Ein Verlust der geordneten

Struktur wiirde zu einem Verlust der strukturbedingten Farbe des Materials fihren.

Das Konzept von Gassensoren auf der Basis von Metalloxid-Inversopalen wurde in der

Veroffentlichung , Tungsten Oxide Photonic Crystals as Optical Transducer for Gas
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3.3. Hochtemperatur-Gassensorik

Sensing“!*2l am Beispiel eines Wasserstoffsensors untersucht.

Die Anderung einer Gaskonzentration in einem Gasgemisch fiihrt dabei zu einer Ande-
rung des Brechungsindexes des Porenfluids, der um GréBenordnungen zu klein ist, um
einen dem Fliissigkeitssensor analogen Mechanismus zu nutzen. Die Anderung des Bre-
chungsindexkontrasts bei der Detektion von Gasen beruht stattdessen auf einer Reak-
tion des Gases mit dem Metalloxid. Durch diese Reaktion dandert sich der Brechungsin-

dex des Metalloxids.

Zur Detektion von Wasserstoff wurden Wolframoxid-Inversopale als Transducer ver-
wendet, in die Platin eingebracht wurde. Das Platin soll die Aufspaltung der Wasser-
stoff-Wasserstoff-Bindung und damit die anschlieBende Interkalation in das Wolf-

ramoxid-Gitter katalysieren.3%

Die Reflexionsspektren der Wolframoxid-Inversopale zeigen bei der Beaufschlagung mit
Wasserstoff eine konzentrationsabhangige, schnelle und reversible Verschiebung der
Peakposition zu kleineren Wellenlangen. Diese Peakverschiebung ist bei allen gemesse-
nen Temperaturen (100-505 °C) zu beobachten (Abbildungen 5 und 6 in Kapitel 8). Die
Anderung der Reflexionseigenschaften des Wolframoxid-Inversopals ist bei der Beauf-

schlagung mit Wasserstoff so deutlich, dass sie mit dem Auge wahrgenommen werden

kann (Abbildung 20).

Abbildung 20: Platindotierter Wolframoxid-Inversopal in Luft (links) und unter Beauf-
schlagung mit Wasserstoff (mitte), jeweils bei 100 °C und die Differenz der beiden Bil-
der (rechts)

Die Peakverschiebung des Wolframoxid-Inversopals bei der Wasserstoffaufgabe ist
durch die Anderung des Brechungsindexes des Wolframoxids zu erkldren. Der Bre-

chungsindex wird verringert, da Wasserstoff in das Wolframoxid-Gitter interkaliert.
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Dass diese Brechungsindex-Anderung die Ursache fiir die Bandliicken-Verschiebung

sein kann, wird durch Simulationen (Abbildung 8 in Kapitel 8) bestatigt.

Die Verschiebung der Peakposition eines Wolframoxid-Inversopals bei der Beaufschla-
gung mit Wasserstoff zeigt bei Temperaturen von 150 bis 300 °C ein exponentielles Ver-
halten. Das Verhalten des Wasserstoffsensors andert sich bei 400 und 505 °C (Abbildung
6 in Kapitel 8). Das exponentielle Verhalten der Kennlinien bei den niedrigeren Tempe-
raturen deutet auf eine oberflachendominierte Reaktion hin. Die veranderte Form der
Kennlinien bei hheren Temperaturen kann mit den temperaturabhangigen Rickreak-
tionen der Interkalation des Wasserstoffs in das Wolframoxid-Gitter korreliert werden.
Als Riickreaktion finden bis 336 °C nur eine Zersetzungs- und eine Oxidationsreaktion
der Wolframbronze (H\WOs3) (Reaktion (7) und (8) in Kapitel 8) statt. Das Reaktionspro-
dukt dieser Riickreaktion ist Wolframoxid. Oberhalb von 336 °C findet als Riickreaktion
auch eine Disproportionierung (Reaktion (9)) statt. Dabei entsteht Wolframoxid mit ei-
nem verringerten Sauerstoffgehalt. Wolframoxid mit einem verringerten Sauerstoff-
gehalt hat einen geringeren Brechungsindex als Wolframoxid und Wolframbronze.[*?!
Dieser niedrigere Brechungsindex des Produkts der Riickreaktion flihrt bei Wasserstoff-
aufgaben oberhalb von 336 °C zu einer groReren Verschiebung der Peakposition im Ver-
gleich zu niedrigeren Temperaturen. Die Temperaturabhangigkeit der verschiedenen
Riickreaktionen wurden mit Massenspektrometriemessungen (Abbildung 9 in Kapitel 8)

Uberpruft.

Die Ergebnisse zum Sensormechanismus ermoglichen es, Bedingungen fiir den Einsatz
eines Wolframoxid-Inversopals als Transducer fiir die Wasserstoffsensorik abzuleiten.
Ist Sauerstoff in dem zu detektierenden Gasgemisch vorhanden, so kann der Sensor bis
mindestens 500 °C benutzt werden, da dann eine vollstandige Regeneration des Sen-
sors moglich ist. Zu Temperaturen (iber 500 °C kann keine Aussage getroffen werden,
da aufgrund des Messaufbaus Untersuchungen bei hoheren Temperaturen nicht mog-
lich waren. Ist kein Sauerstoff im Gasgemisch, so sollte der Sensor zwischen 180 und
330 °C betrieben werden, da hier bei der Regeneration durch die Zersetzungsreaktion
kein Sauerstoff benotigt wird und so kein Sauerstoff aus dem Wolframoxid-Gitter ver-

braucht wird.
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Eine breite Anwendung photonischer Kristalle als Transducer in der Gassensorik ermog-
lichen Techniken fir eine glinstige Ausleseeinheit, dahnlich den in Kapitel 3.2 diskutier-

ten.

Wird die Bandliickenverschiebung eines Inversopals als Sensorsignal ausgelesen, ist
keine Kontaktierung zum Auslesen des Transducers no6tig. Fur das Auslesen des Signals
mit einer Ausleseeinheit ist eine optische Messstrecke ausreichend. Alternativ zu der
optischen Messstrecke kann das Signal des Transducers mit einer optischen Faser zur
Auswerteeinheit geleitet werden. Durch die Kombination der hohen Stabilitat der Me-
talloxid-Inversopale und der Quarz-Fasern ist somit die Gasdetektion in rauen Umge-

bungen moglich.

Der Zusammenhang zwischen der Brechungsindex-Anderung und der Anderung des
elektrischen Widerstands des Wolframoxids in Abhadngigkeit vom Wasserstoffangebot
wird Gegenstand weiterer Untersuchungen sein. Dieser Zusammenhang erlaubt dann
vermutlich auch den Transfer dieses optischen Sensorprinzips auf andere Metalloxide,
die bereits als resistive Gassensoren bekannt sind. Damit waren die Vorteile des opti-
schen Transducers, basierend auf der photonischen Bandliicke von Inversopalen, auf

viele Zielgase anwendbar.
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We present an uncomplicated and inexpensive system for
refractive index measurements of fluids based on the optical
properties of photonic crystals (PhCs). The photonic band gap of
inverse opals depends on the refractive index contrast between
the crystal and the pore fluid. A change of refractive index of the
pore fluid causes variations in the photonic band gap which can
be observed as change in the wavelength of reflected light of the
crystal (color change). Based on this principle a measurement
cell for continuous fluid measurements was build (see figure)
and used for identification of water/ethanol mixtures, Based on
photonic band structure simulations general rules/recommen-
dations for the design of this sensor type are given, for example,
periodicity of the inverse opal, choice of material (refractive
index), or measurement mode. For the proof of concept tungsten
oxide (WOs) inverse opal structure was utilized as sensing layer.
However, depending on the application other metal oxides or

1 Introduction Periodically ordered macroporous
structures formed by transparent (visible range) dielectric
materials with periodicities in the range of a few hundred
nanometers offer unique optical properties. These materials
can be referred to as photonic crystals (PhCs), which form
photonic band gaps achieved by spatial modulations of
refractive index. Light of specific wavelengths within these
gaps (so called stop bands) is reflected. The most well-
known example of natural PhCs is probably opals which are
often used as jewellery. Opals consist of 3D periodical
arranged and close packed silica spheres. These gemstones
generate iridescent colors (color changes depending on
viewing angles) which are caused by the formation of
different photonic stop bands along different crystallo-
graphic directions. There are also other periodical structures
with lower dimensionality that show photonic band gap
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even polymers can be used. With the presented method a limit of
detection (LoD) of 0.001 refractive index unit (RIU) was
achieved.

water
ethanol

fluid

The figure shows the cross section of the custom built
measurement cell: the reflectivity of the WO5 inverse opal
(round image, left) is measured by a spectrometer in
dependence of the fluid in contact to the crystal. Different
refractive indices of the fluids cause spectral shifts of the
reflection peak (right graph).

@ 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

effects as, for example, 1D Bragg mirrors or 2D photonic
slabs with columnar structure. More information can be
found in textbooks [1].

Even though there are manifold methods of creating and
manipulating artificial photonic crystal structures there are
only few PhC systems used for commercial applications
known by the authors so far, which are for example photonic
color technology (http://opalux.com/) and photonic crystal
fibers (http://www.nktphotonics.com/).

In recent years, PhC attracted increasing attention
especially in the field of sensing. Optical properties of PhCs
are strongly dependent on structural configuration and
interface properties (refractive index contrast of their
constituting materials). Interaction of the PhCs with target
species, for example, liquid or gas therefore has a significant
impact on their optical properties like reflectance or

@ 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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transmittance (spectral shift), which will be focused on in this
work. A more detailed overview of recent research work in the
field for sensing can be found in the review by Nair et al. [2].

Different properties of fluids can be utilized to detect
and identify them depending on the application and potential
disturbances. In principle, there are two classes of effects
which however cannot be separated clearly in application:
(i) systems relying on the chemical properties like pH value
or surface reactions and (ii) systems utilizing physical
properties as magnetic, conductivity, or optical properties.
Most examples found in literature used for analysis of
alcohol/water mixtures are based on optical methods. There
are interferometric systems which allow precise determi-
nation of the refractive index by utilizing a complex setup
based on a rotating sample stage [3]. Other systems use
optical fibres in Fabry—Pérot geometry [4]. However, mostly
they are not suitable for in-line measurements and are
potentially sensitive to contamination with larger particles.

In other approaches, for example, density [S] or the
electronic influence of the fluid on the gate of a high electron
mobility transistor [6] is used for signal generation. The devices
are yet rather complex compared to the presented PhC sensor.

There are already publications on refractive index
sensing by PhCs with potential applications for fluid
identification. One example is the work by Wu et al. based
on 3D woodpile photonic polymer structure produced by
direct laser writing [7]. Another example utilizes 2D
photonic waveguides synthetized by using electron beam
lithography [8]. The sensitivity of these two systems is in the
magnitude of 10°nm per refractive index unit (RIU). A
more complex system combining slotted photonic wave-
guide and Mach—Zehnder interferometer has been proposed
which can theoretically achieve very high sensitivity of
2.3 x 10° nm/RIU [9].

In the present work, our goal is to design and manufacture
an uncomplicated and inexpensive fluid sensor utilizing
photonic band gap effect. The sensing element of our system is
the 3D WO; inverse opal structures with macrospores
synthetized by nanocasting of opal films formed by PMMA
spheres. WQs, as an example of metal oxide in general, is used
as it is transparent and offers high chemical, mechanical, and
thermal stability compared to polymer in certain applications.
Also the refractive index is higher than the refractive index of
silica which is another material usually used for synthetic
inverse opal structures. The change of the refractive index of
the fluid introduced into the pores modifies the photonic band
structure of the PhC which is monitored by reflectivity
measurements. We experimentally and theoretically show
that our system can achieve the sensitivity of the same
magnitude as reported from the static experiments in
literature, but we also demonstrate its ability to be applied
in practical online dynamic fluid sensing.

2 Experimental

2.1 Synthesis of WOjsinverse opal structures The

WO; inverse opal films are synthesized by a two-step
process which is in literature commonly referred to as

WWW.pss-a.com
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nanocasting or structure replication (see e.g., [10]). An
artificial polymethylmethacrylate (PMMA) opal is depos-
ited onto glass substrates by sedimentation method. In the
second step, the pores between the PMMA spheres are
filled with a metal oxide precursor which is then thermally
converted. During the conversion step the PMMA is
removed by combustion resulting in a negative WO,
replica of the opal, the so called inverse opal structure. A
scheme of the process is shown in Fig. 1.

2.1.1 Artificial opal structure template The
PMMA spheres used for forming the opal structure are
synthesized by surfactant-free emulsion polymeriza-
tion [11]: 400mL water in a two-necked flask sealed with
a septum is heated to reflux and flushed with nitrogen. After
stopping the nitrogen flow the monomer (methylmethacry-
lat, 21.3 mL, 0.5 mol/L, Merck, 99%) and the cross linking
agent (ethylene glycol dimethacrylate, 0.57 mL, Merck,
97.5%; both are destabilized by filtrating with Al,O;) are
added. The resulting mixture is stirred for 20 min. Then the
initiator (K,S,0g, Bayer, 27 mg dissolved in 1 mL water) is
added. After 2h stirring at 100 °C, the septum is removed
and the mixture is cooled to room temperature. The
dispersion is then filtered through a paper filter to remove
large aggregates.

For PMMA spheres deposition, glass substrates are
cleaned (rinsed with ethanol and acetone), placed in a
custom built sample holder, and emerged in the ultrasonic
bath (Elmasonic P 30 H, 100% power (100 W), sweep on,
room temperature). A drop of 40 pL PMMA dispersion is
placed in the center of the slide and dried under ultra-
sonication. This technique is chosen as it is known to result
in very uniform opal films with large ordered domains [12].

2.1.2 WO; inverse opals The pores of the PMMA
opal are impregnated with ammonium meta-tungstate
hydrate (Sigma-Aldrich, 99.99%). A total of 0200g
ammonium  metatungstate  hydrate is dissolved in
0.080mL water. Total of 0.020mL of this solution is
diluted with 0.080mL ethanol and 0.020mL water. A
0.002mL drop of this solution is put on the opal film. Then
the composite is dried at 60 °C for 3h. After drying the
composite, the ammonium metatungstate hydrate is con-
verted to tungsten oxide in an ashing furnace at 400°C
(0.5 °C/min) for 5h.

metal
precursor L
— —

Figure 1 Scheme of the inverse opal synthesis process: pores of
an artificial PMMA opal (left) are filled with a metal salt forming
a composite material (center). After thermal conversion and
combustion of the PMMA the metal oxide inverse structure can be
obtained (right).

@ 2015 WILEY—VCH Verlag GmbH & Co. KGaA, Weinheim
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2.2 Characterization The PMMA spheres are char-
acterized by dynamic light scattering measurements to
determine the sphere diameter and its distribution on a
Malvern Zetasizer Nano-ZS, analysis model polystyrene in
water. Powder X-ray diffraction (XRD) measurements were
performed with a D8 Advance (Bruker). The X-rays were
generated by a CuKa tube with a wave length of 0.154 nm.
The wide angle XRD was measured from 20° up to 70° 260
with a step size of 0.02” and an integration time of 3s.
Scanning electron microscope (SEM) images of the opal and
inverse opal films are recorded with a Zeiss Neon 40. The
macroscopic light photographs were utilizing a Canon EOS
100D digital camera using the built-in flash. The light
micrographs of the (inverse) opal films were recorded under
an optical microscope (Hyperion 1000, Bruker Optik
GmbH). The reflectivity measurements for normal inci-
dence of light were conducted with a fibre optic
spectrometer (USB2000+ VIS-NIR-ES, Ocean Optics),
with a Krypton light source (ecoVis, Ocean Optics), and
a reflection/backscattering probe (QR200-7-VIS-BX, Ocean
Optics). The spectra (static measurements) were normalized
utilizing a Si-wafer reference with known reflectance. For
the flow measurements this normalization was not possible
due to the measurement setup.

2.3 Photonic band structure simulations Photonic
band structures of the inverse opal structure are calculated
utilizing the MIT photonic-bands software (MPB) pack-
age [13]. For the structure model of inverse opal structure it is
assumed that it is the negative replication of the template
formed by PMMA spheres arranged in face centered cubic
(fce) structure. In this model, the volume which was occupied
by the PMMA spheres is replaced by air or fluid phases,
whereas the pores in between spheres are replaced by solid
‘WOj3. The refractive index of WO, generally varies from 2.0
to 2.5 in visible range largely depending on the synthetic
parameters [14-18]. Here a refractive index of 2.31 (650 nm)
is assumed as measured for WO, films synthetized by sol—gel
methods without ligands. This synthesis is the closest process
to ours available in literature with documented refractive
index [19]. The extinction coefficient of these WO5 films is
almost zero [19], and is therefore negligible in the simulation.
The computational grid resolution (pixels per lattice unit) is
set to be 32 and 4 lowest bands are calculated.

We analyze the resulting photonic band structure
diagrams of the inverse opal structure which essentially
depict the normalized frequency (y-axis) of the photonic
band gaps along different crystallographic directions in in
the Brillion zone in reciprocal space (x-axis). For PhCs with
certain lattice constant (a), the respective stop band
positions and gap sizes in wavelength (4) can be derived
from the normalized frequency (a/4). For the inverse opal
structure in this study (@ =325 nm), we are interested in the
gap (stop band) with the lowest frequency along I'-L
direction, as the reflection resulting from this stop band
locates in visible range and its direction corresponds to the
surface normal (<111>>) of the lattice plane for which we

© 2015 WILEY—VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1 Fluids used for static measurements and their refractive
indices n.

fluid n reference
methanol 1.327 [20]
water 1.333 [21]
ethanol 1.361 [22]
isopropyl alcohol 1.379 23]

experimentally measured its reflection. To predict the
influence of different fluids on the photonic band structure
of the inverse opal and to compare with the measured
reflectance spectra, simulations were carried out with
variations in refractive index of the fluid. The influence
of changing the lattice constant of the PhC or the refractive
index of its constituting materials (other than 2.31 for WO,)
to the optical performance of the sensor will be discussed.

2.4 Sensing setup For static measurements, the
samples on glass substrates are mounted onto an optical
table in front of the reflection/backscattering probe.
Different fluids are then applied manually by placing a
drop from a pipette on top of the inverse opal film. The setup
is covered inside a light-tight enclosure to eliminate the
influence of ambient light. For each measurement one
spectrum with an integration time of 60ms is recorded.
Four different fluids with different refractive indices are
measured (Table 1).

The dynamic measurements are carried out utilizing a
custom-built sample cell. The additive manufactured
(polymer laser sintering) cell features openings for the
reflection probe and fluid in- and outlet (Fig. 2). Different
from the static measurement the reflection is monitored from
the backside of the glass substrate to isolate and protect the
optical probe from the fluid.

To supply a stable flow of 4.6 mL/min a micro-pump
(mp6-PP, Bartels Mikrotechnik GmbH) is used. The
mixtures are prepared by syringes. Spectra are recorded
continuously with an integration time of 50 ms. To reduce
noise level, ten spectra are averaged so that there are two
averaged spectra per second can be evaluated.

=J

—
photonic crystal
® - I

\ fluid in- and nutlal/

Figure 2 Schematic drawing of the cross section of the additive
manufactured sample cell (left) and a photograph of the cell (right).
The photonic crystal film can be flushed with different fluids.
Spectra of reflection intensity are measured from the backside of
the glass substrate.

reflectance probe —

L =
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To generate a transient signal, the absolute intensity
value at 620 nm (point at the raising edge of the reflection
peak) is recorded as a function of time.

3 Results and discussion

3.1 Structural and optical characterization Structural
and optical properties of the WO, inverse opal are strongly
affected by the size and quality of the spherical PMMA
particles used for synthesizing the artificial opal. Dynamic
light scattering (DLS) analysis of the dispersed PMMA
particles reveals a uniform collection with a mean diameter of
323 nm with a dispersity of 0.012. As can be seen in the SEM
image the diameter of the particles significantly decreases
after deposition and drying of the opal film which is mainly
due to the wrong analysis model (polystyrene in water)
(Fig. 3). Therefore the main information which can be
obtained by the DLS analysis is the dispersity which is
preserved. For the optical simulation, the center to center
distance between two neighboring PMMA spheres in the
opal structure was determined to be 230 nm utilizing SEM
images, which corresponds to the lattice constant of 325 nm
for fee structure.

The SEM images of the opal films show a high degree
of ordering with large domains and only small number of
defects (Fig. 3). Macroscopically the films show angular-
dependent coloration typical for opals [24].

Caused by the replication process the quality of the
inverse opal structure is reduced compared to the one of opal
structure template (compare the SEM images of Fig. 3 left
and right). Probably due to incomplete infiltration of pores
and shrinkage of the precursor for WQOj; during conversion
the number of defects increased.

Also the size of the ordered domains is smaller than the
one of opal films. The size of the ordered domains is in
the order of 100 wm, and therefore smaller than the size of
the measured spot of the reflectance probe used for fluid
measurements. The cracks separating the domains will

Figure 3 SEM image of a representative PMMA sphere opal layer
(left) used for structure replication and of a representative WO,
inverse opal layer (right). Comparison reveals a significantly
higher number of lattice defects in the inverse opal structure.

WWW.pss-a.com

54

cause a reduction in measured reflectivity. Despite of the
numerous macroscopic cracks in the inverse opal films,
the measured spectra show a clear reflection peak with
maximum reflectance at 499 nm (Fig. 7) which is consistent
with the observed green color (Fig. 4).

3.2 Theoretical considerations The theoretical
characterization of the optical response of inverse opal
structures, when fluids with different refractive indices are
introduced, is carried out by evaluating the calculated
photonic band structure. The main objects are to predict the
theoretical sensitivity and also to give guidance for the
identification of the best “sensing mode,” that is, the most
sensitive approach to readout the optical response.

Figure 5 shows a representative photonic band gap
diagram calculated for the WOj3 inverse opal structure with
air as the second phase in this case (i.e., no fluid in the
structure). As mentioned in the experimental section
reflectivity measurements are performed perpendicular to
the sensing layer (i.e., the {111} lattice plane of the inverse
opal structure). Hence only the stop band along I'-L
direction needs to be evaluated. At point L, only the stop
band with lowest frequency bordered by the band 2 (lower
bound) and band 3 (upper bound; indicated as the shadowed
rectangular box in Fig. 5) has the frequency range which
corresponds to the measured reflection band in visible range
for our inverse opal structure. The frequency value at
the center of the stop band (midgap) is calculated by the
arithmetic mean of the values of the band 2 and 3 at point L,
which theoretically corresponds to the measured reflection
peak position. The difference between the frequency values

Figure 4 Stitched high resolution microscopic image of a WO3
inverse opal film. Images were taken with a 36x objective.
Photonic domain size is in the range of 100 wm.
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Figure 5 Photonic band structure diagram of WQOj5 inverse opal
structure without fluid inside. The shadowed rectangular box
indicates the stop band along I'-L direction.

of band 2 and 3 is defined as the gap width, which
corresponds to the bandwidth of the reflection peak. In the
case of our WOs;—air system (lattice constant a =325 nm),
the calculated reflection peak position is 518 nm, and the
bandwidth is 93 nm, which roughly fit the measured values
(first row in Table 2).

When fluids with different refractive indices are
introduced into the pores, the band structure of the WO;
inverse opal structure is modified. The evolution of the stop
band, the midgap position, and the gap width depending on
the refractive indices of fluids are shown in Fig. 6. This
result predicts that, when the refractive index of fluid
changes from 1.30 to 1.40, theoretically the peak position
shifts from 591 to 618nm, which corresponds to a
sensitivity of 270nm/RIU. This result also shows that
bandwidth should reduce from 73 to 66 nm. For an ideal PhC
with infinite periodic structures and without fabrication
defects, the theoretically reflectance should be 100%, as
photons with frequencies in the stop band are all reflected.
However, in reality our PhCs are not perfect and the
measured reflectance is always less than 100%. Therefore, it
is difficult to predict the absolute reflectance by simulation.

However, under the optical consideration (Fresnel
equations), it is predictable that the coupling strength
between light and a PhC decreases when the refractive
index contrast between the two phases in the PhC

refractive indices of different fluids

Figure 6 Variation of the position, midgap wavelength, and gap
width of stop band (I'-L) of the WO, inverse opal structure
(a=7325nm) as function of the refractive indices of different fluids
when introduced to the pores.

reduces. Therefore, one can estimate that, if different
fluids are introduced into the pores and have the tendency
to reduce the refractive index contrast, then more layers
in the PhC (i.e., deeper into the structure) are needed to
build up the reflection which leads to a higher probability
for light to be scattered by the defects or to transmit
through the film and consequently results to a lower
measured reflectance.

Given these theoretical consideration, the most efficient
way to readout the optical response for this type of fluid
sensor is to take the aforementioned three spectral changes
into account: the shift of peak position, the bandwidth
change and the variation of reflectance. Experimentally this
can be achieved by measuring the intensity change at a
certain wavelength on the rising or falling edge of the
reflection peak. Also from a mathematical point of view the
edge is very sensitive to the shift because of the high slope.

Other parameters of the PhC can be modified to change
the sensitivity of the system. For example, the spectral shift
per RIU is linearly proportional to the lattice constant of the
structure. However, too large lattice constant will lead to the
change of operating spectral range from visible to IR range.
Simulation results also show that reducing the refractive
index of the solid matrix material from 2.50 to 2.00 leads to a
minor increment of sensitivity from 254 to 270 nm/RIU but
at the expense of possible lower reflectance.

Table 2 Optical characteristics of the reflection peaks of the static measurements.

pore fluid position (nm) FWHM (nm) reflectance (%) reflectance at 580nm (%)
air 499 78 10.04 -

methanol 604 59 9.15 5.27

water 602 59 8.87 5.64

ethanol 611 58 9.11 2.83

isopropyl alcohol 621 60 8.88 L1l

© 2015 WILEY—VCH Verlag GmbH & Co. KGaA, Weinheim
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3.3 Static fluid measurement As a proof of
concept and to verify the theoretical considerations static fluid
measurements with different reference fluids (Table 1) are
performed. Figure 7 shows the normalized reflectance spectra.

The optical characteristics of the peaks are determined
manually as the peaks are not symmetric which prohibits
proper peak fitting. The asymmetry is most probably related
to scattering and the optical effect of defects. The results of
the data analysis are summarized in Table 2.

The results show that it is possible to distinguish all
fluids clearly except methanol and water, if only the peak
shift is taken into account. The sensitivity of the system is
327 nm/RIU, which is similar to the theoretically predicted
value. Both values are in the same magnitude of the
experimentally realized sensitivity found in literature [7, 8].

Even though theoretically a change in refractive index
contrast has an influence on the width of the reflectance
peaks, experimentally this cannot be shown here. The
expected change is small compared to the variations caused,
for example, by the manual determination of the FWHM.

However, for the larger refractive index change from air
to liquid, the FWHM shows a clear reduction by ca. 18 nm.
The theoretically predicted reflectance change can be
observed and is reduced by 0.27% from methanol to
isopropyl alcohol, that is, towards smaller refractive index
contrast. As pointed out in the theoretical consideration, to
gain maximum sensitivity in a limited refractive index
range, the reflectance at the rising edge of the reflected peaks
(i.e., at 580nm) is evaluated. Neglecting the abnormal
behavior of water, the sensitivity obtained through this
approach is ca. 80%/RIU. Assuming that the experimental
setup is able to determine the reflectance at 580nm with a
resolution of 0.1%, this assumption leads to a resolution of
0.001 in refractive index. However, as can be seen in the
case of water, this is only true if the reflection only depends
on the refractive index of the pore fluid. In case of other
interactions between PhC and pore fluid, for example,

T T T T
air

methanol

water

ethanol

—— isopropyl alcohol

refelctance [%]

550

600 650 700 750

wavelength [nm]
Figure 7 Normalized reflectance spectra of the WOj5 inverse opal

structure infiltrated with different fluids.
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change in electronic properties of the PhC other effects
might superimpose the shift.

3.4 Dynamic measurement of a binary
mixture As was shown in the static measurements, the
most sensitive method for detecting a refractive index
change in a limited range is the measurement of the intensity
at the rising (or falling) edge of the reflection peak. This
method also allows for an easy generation of continuous
signals without complex data evaluation, for example,
determination of peak position. For a time resolved
measurement of a mixture of water with different ethanol
content from pure water (0 mL/5 mL fluid) to pure ethanol
(5mL/5mL fluid) which is continuously flushed through
the WO, inverse opal structure, Fig. 8 shows the non-
normalized intensity at 620 nm of the reflection peak as a
function of time. Normalization is not straightforward in this
case as the measurement was performed from the backside
of the glass substrate (see sample cell, Fig. 2), but as the
evaluated wavelength range is small, deviations caused by
the transfer function of the detector and the light source only
have a small impact on the results. Reference measurements
(not shown) using a clean glass substrate reveal intensity
changes caused by the refractive index contrast at the glass-
fluid interface. However, the maximum change is at least
five times smaller compared to the results with PhC layer
presented, which is neglected.

For further analysis, a response of the photonic layer
was defined as

intensity,;,

m

response = 1 — - -
ntensity o

with the mean value of the intensity at a certain ethanol
content (intensity,ix) and the intensity at pure water
(intensityy..e). Plotting the response versus the ethanol
mole fraction in water allows comparison of our results with

56K10° [ —as

intensity at 620 nm

.
5.4x10 ethanol content

5.2x10°
5.0%10°

4.8x10°
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Figure 8 Change of the reflection intensity at 620 nm as well as of
the ethanol content versus time. The spikes in the intensity signal
are caused by air bubbles in the tubing.
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Figure 9 Response (see Eq. (1)) values of the photonic layer at
different ethanol mole fractions (squares) in comparison with
literature values (triangles) [25].

literature values for the refractive index measurements of
water/ethanol mixtures (Fig. 9).

This comparison shows that the shape of the resulting
characteristic matches the one of the literature data [25].
This match can be expected as in the first approximation the
influence of refractive index changes on the reflectance peak
is linear. The method is therefore capable to identify
mixtures up to ca. 0.4 mol fractions of ethanol in water.
Above this value the change in refractive index is small or
even reversed so that as a matter of principle there is no
identification possible.

4 Conclusions The utilization of photonic crystal
structures (WOj5 inverse opals) for refractive index sensing of
fluids in a simple setup is experimentally and theoretically
evaluated. A measurement cell was built by additive
production process for continuous flow measurements which
is capable of identifying refractive index of ethanol water
mixtures at room temperature with a high resolution. The
sensitivity of the presented system is 327 nm/RIU (shift in
reflection peak/refractive index unit). Comparison with
literature results reveals a linear dependence of refractive
index of the pore fluid with the optical response generated by
evaluating the reflection peak at its falling or rising edge. The
system is very robust, defects, or moderate variations of the
refractive index of the material forming the PhC are not critical
for sensor operation or its sensitivity.

Metal oxides (WO,) are a good choice for sensing layer
material as they are chemically stable and the inverse opal
films are relatively easy to synthesize.

Compared to laboratory refractive index measurement
systems, optimum operation limits the presented system to
small refractive index measurement ranges. Though, the
resolution is high.

Future work will be dedicated to simplify the system
further by replacing the continuous light source with a
monochromatic source (e.g., laser diode). As the operating
mode described in this work relies on measurement of the

© 2015 WILEY—VCH Verlag GmbH & Co. KGaA, Weinheim

reflection intensity at a certain wavelength the spectrometer
can then be replaced by a simpler detector, for example, a
photodiode.
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Abstract. Indium oxide (In,O3) inverse opal is a promising new transducer material for resistive and optical
gas sensors. The periodically ordered and highly accessible pores of the inverse opal allow the design of resistive
sensors with characteristics independent of structure limitations, such as diffusion effects or limited conductivity
due to constricted crosslinking. Additionally the photonic properties caused by the inverse opal structure can
be utilized to read out the sensors’ electronical state by optical methods. Typically semiconducting sensors are
operated at high temperatures (>300°C). To maintain a good thermal stability of the transducer material during
operation is a minimum requirement. We present results on the synthesis and investigation of the structural
stability of the In;O3 inverse opal structure up to a temperature of 550 °C (limit of substrate material). As will
be shown, their optical properties are maintained with only slight shifts of the photonic band gaps which can
be explained by the results from the structural characterization using X-ray diffraction and electron microscopy

combined with optical simulations.

1 Introduction

Indium oxide is not only known as a sensing material for re-
sistive semiconducting gas sensors for the detection of NO»,
03, ethanol, hydrogen or CO (Ivanovskaya et al., 2001; Wag-
neretal., 2011, 2013; Takada et al., 1993; Zheng et al., 2009;
Martin et al., 2004; Yamaura et al., 1996). Because of its op-
tical properties it is also utilized for transparent conductors
(typically doped with tin, ITO) for electronic components
such as flat screen displays, solar cells and LEDs (Lewis and
Paine, 2000; Kim et al., 1998).

The combination of these two properties, namely the gas
sensitivity and the transparency in the visible regime com-
bined with its high refractive index, makes indium oxide an
interesting candidate for building optical transducers for gas
sensors. Periodically ordered nanostructures of dielectric ma-
terials with a periodicity in the order of the wavelength of in-
terested electromagnetic waves show interesting new, struc-
ture related optical properties. Therefore these structures are
commonly referred to as photonic crystals (Joannopoulos et
al., 1997). The most prominent feature of a photonic crystal
1s its photonic band gap. Light of certain wavelengths cannot
propagate along one (stop band) or all (complete band gap)

directions of the photonic crystal. Photons with the energy
within the photonic band gap region are reflected. Therefore,
the photonic crystals operating in visible range could show
intense color impressions. The position and size of the band
gap are determined by structure parameters (e.g., periodicity,
symmetry, geometry, filling fraction) and the refractive index
contrast between the wall material and the fluid in the pore
(Joannopoulos et al., 1997). Variation of one of these proper-
ties can be observed by a change in the reflectance spectra.

Photonic crystals can be synthesized with different meth-
ods, e.g., electron beam lithography (Cheng and Scherer,
1995), direct laser writing (Deubel et al., 2004) or laser
holography (Miklyaev et al., 2003).

In the following, we focus on the inverse opal structure, a
specific type of three-dimensional photonic crystals. By uti-
lizing self-assembly of spherical particles (artificial opals)
as a template and a consecutive casting step the inverse
opal structure offers a relatively simple method of produc-
tion (Stein et al., 2008) with the drawback of a high amount
of lattice defects and macroscopic cracks due to shrinkage.
These structural imperfections are crucial for some highly
demanding applications such as informatics and telecommu-
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nications; but for most sensing applications the reflectance
at the photonic band gap of these chemically prepared pho-
tonic crystals is high enough to be used as an optical signal
for sensing. So the advantage of a fast and cheap synthesis
combined with the possibility of scaling up for mass produc-
tion allows this method to find its own niches of application
where extremely high structural quality is not required.

As for sensing applications, a typical sensing mechanism
of photonic crystals is to optically read out the change of their
reflection spectra resulting from the change of their refractive
index contrast between the solid phase and the introduced
fluids (Nair and Vijaya, 2010). This mechanism can be used,
for example, to detect liquids with different refractive indices
(Amrehn et al., 20135). Another typical mechanism is based
on the reaction of the detected species with the solid phase
itself, inducing a variation of electronic and optical properties
of the photonic crystals (Xie et al., 2012).

Besides sensors utilizing the inverse opal structure for op-
tical readout also resistive type sensors take some advantage
of the highly accessible pores of the inverse opal. The struc-
ture allows the design of sensing layers with characteristics
independent of structure limitations such as diffusion effects
or limited conductivity due to constricted crosslinking (Scott
et al., 2001),

As for some special sensing applications, such as sensors
operating at high temperature (above 500 °C), remote sens-
ing using optical readout of photonic crystals is of special
interest. Because of remote sensing there is no need for the
wire connection, which may break down at high temperature,
between the transducer and the optical devices for measur-
ing the signal change. Since the optical signal of a photonic
crystal is caused by its structure, any degradation of structure
at high temperature can be detected by the optical devices,
which is difficult to be realized for sensors based on other
porous materials.

Despite of all these advantages for photonic crystals used
as sensors at high temperature, the thermal stability of the
photonic crystals needs to be tested before they are applied to
this new type of sensor concept. In this paper, indium oxide
is synthesized in the inverse opal structure and heat treated at
different temperatures. Afterwards structural changes and the
corresponding optical properties changes are investigated, to
evaluate the potential for indium oxide with the inverse opal
structure for high temperature sensing applications.

2 Experimental

The indium oxide inverse opal structures in this study are
prepared utilizing a modified three-step version (Fig. 1) of
a literature-known, template-based synthesis protocol (Stein
et al., 2008). In the first step, monodisperse polymethyl-
methacrylat (PMMA) spheres are synthesized by surfactant-
free emulsion polymerization. Controlled deposition of these
spheres (second step) leads to artificial opals which are, in
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Figure 1. Scheme of the inverse opal synthesis by casting a PMMA
opal: the PMMA spheres are deposited onto a glass slide at 60 °C,
and then the opal pores are filled with an indium nitrate solution.
This composite is dried, the indium nitrate is thermally converted to
indium oxide and the PMMA template is removed by combustion.

the third step, used as rigid structure matrices for the casting
of the indium oxide inverse opal, which results from thermal
conversion of an infiltrated indium precursor species and re-
moval of the matrix.

To investigate the thermal stability of indium oxide in the
inverse opal structure, the photonic band gap position (opti-
cal spectroscopy), the crystallite size (powder X-ray diffrac-
tion) and the structure of the indium oxide films (electron mi-
croscopy) are compared before and after heat treatment. The
temperature limit of this investigation is given by the glass
transition of the glass slides as substrates (550 °C).

2.1 Synthesis

The polymethylmethacrylat (PMMA) spheres were synthe-
sized by surfactant-free emulsion polymerization (Egen and
Zentel, 2004), this leads to monodisperse spheres. A to-
tal of 400 mL water was heated to reflux in nitrogen atmo-
sphere. After stopping the nitrogen flow, methylmethacry-
lat (21.3 mL, 0.5 mol L™!, Merck, 99 %) and ethylene glycol
dimethacrylat, (0.57mL, Merck, 97.5%) as a crosslinking
agent, were destabilized by filtrating with AloO3 and added
to the flask. The mixture was stirred for 10 min (300 rpm).
K2820g (27 mg, Bayer) was dissolved in 1 mL water and
added. The mixture was stirred for 2h at 100 °C, then the
flask was opened and the mixture cooled to room temper-
ature. By filtering the mixture through a paper filter, large
aggregates were removed.

For the opal template structure preparation, microscopy
slides were cleaned with ethanol and acetone, then heated up
to 60°C on a heating plate. A total of 40 uL. of the PMMA
dispersion was placed on the slide with a microliter pipette
and the solvent was removed by evaporation at 60 °C.

The In203 inverse opal films were synthesized by casting
the PMMA opal. Therefore, the opal pores were filled with
an indium nitrate solution (0.016 g In(NO3)3-xH>O (Sigma
Aldrich, 99.99 %) in 0.043 mL ethanol) by placing 2 uL of
this solution on top of the opal film. The resulting compos-
ite was dried at room temperature for 24 h and at 60 °C for
72 h. Finally, the indium nitrate was converted to indium ox-
ide in an incineration furnace at 300°C (2h; heating rate
0.5°Cmin~!). A scheme of the synthesis procedure is shown
in Fig. 1.

www.j-sens-sens-syst.net/5/179/2016/
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2.2 Thermal stability tests

The optical and structural change of the indium oxide in-
verse opal films before and after each heat treatment step
were characterized with a modified Fourier transform in-
frared spectrometer with wavelength extension to the visi-
ble regime (FTIR-vis) and with the X-ray diffraction method,
respectively. The heat treatment was performed in an incin-
eration furnace under air. The heating rate was 5°C min~!,
the dwell time was 5 h and the tested temperatures were 350,
400, 450, 500 and 550°C. For each temperature, a fresh
sample was prepared to avoid the superposition of time-
dependent aging effects. The sample annealed at 550 °C was
again tested after characterization at 550 °C for 72 h to inves-
tigate the influence of prolonged heating on the stability. Be-
fore this additional heating step the sample was cooled down
slowly over 24 h to reduce unwanted effects by thermal stress
and maintain comparability with the other samples. To gain
some information on reproducibility, an additional series of
samples was synthesized and annealed at 550 °C for 72h.

2.3 Characterization

The reflectance spectra were recorded with a Vertex 70
FTIR spectrometer under the Hyperion 1000 light micro-
scope (Bruker) modified with aluminum mirrors and a xenon
light source to extend the wavelength range to visible regime
(referred to as FTIR-vis). A silicon wafer with known re-
flectance was used as a reference for normalization to ob-
tain the absolute reflectance of samples. For every sample,
four measurement spots were randomly chosen and their re-
flectance was averaged. Gauss fit was used for determination
of the reflectance maximum. The scanning electron micro-
scope (SEM) images were taken with a Zeiss Neon 40. The
powder X-ray diffraction (PXRD) patterns were recorded
with a D8 Advance (Bruker). The X-rays have a wavelength
of 0.154 nm, generated by a CuK,-tube. The measurement
range was from 20 to 70° 20 with a step size of 0.02° and an
integration time of 3 s. The crystallite size is calculated with
the Scherrer equation. Therefore the full width at half maxi-
mum and the peak maximum of the (222) peak is evaluated
with Lorentzian fit; the shape factor is 0.94.

2.4 Simulation

The photonic band structures of both the inverse opal struc-
ture and rod structure were calculated using a free software
package “MIT Photonic-Bands™ (MPB 1.4.2). MPB calcu-
lates fully vectorial eigenmodes of Maxwell’s equations with
periodic boundary conditions by preconditioned conjugate-
gradient minimization of the block Rayleigh quotient in a
planewave basis (Johnson and Joannopoulos, 2001). The
structural model of the inverse opal structure is constructed
by placing air spheres in the lattice points of fce structure and
filling the complementary solid phase with In;O3 with the
refractive index of 1.85 taken from literature (Senthilkumar
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Figure 2. Optical microscope images from an as-synthesized in-
dium oxide film (left) and after annealing at 550 °C for 77 h (double
heated for 5+ 72 h, see text) (right) at the same location of the same
sample.

and Vickraman, 2010). The dispersion and absorption of the
light in visible range is assumed to be negligible. The radius
of the air sphere is varied to model the structure with differ-
ent volume fractions of the solid phase varying from 1.8 to
62.0 %. The rod structure is still an fcc structure. This struc-
ture is constructed by connecting the octahedral and tetra-
hedral interstitial sites in the conventional unit cell of fee
structure by rods to form eight tetrahedral bonded structures
in the unit cell, which corresponds to two tetrahedral boned
structures in the fce primitive cell. The rod is an ideal struc-
tural motif to model the materials connecting the interstitial
sites, where the detailed surface roughness and topology as
observed in SEM is simplified.

These rods are filled with InoO3 with the same refractive
index as in the inverse opal structure. The radius of the rod
is varied to vary the volume fraction of the solid phase from
4.7 to 47.7 %. For the simulation of both structural models,
the grid resolution is 32 pixels per basis vector in a given
direction. The mesh size used to average the refractive in-
dex at each grid point is set to be 7. At each k point of high
symmetry, 10 bands are calculated. The stop gaps along I'-L
direction, which corresponds to the {111} surface normal of
the real photonic crystal, are used to evaluation. The result-
ing photonic band structure diagram in frequency is calcu-
lated into a diagram in wavelength for the specific photonic
crystals synthesized here with a lattice constant of 339 nm.

3 Results and discussion

A great advantage for sample evaluation of the here presented
inverse opals compared to many other types of nanostruc-
tured materials is the structural color in the visible regime
due to the photonic stop bands. This allows fast evaluation
of the quality of the synthesized product even by naked eye
and might be later used as a feature for self-testing a high-
temperature sensor device by colorimetry. As can be seen
in the optical microscope (Fig. 2), the indium oxide inverse
opals do show an intense blue color after synthesis. This
color as well as the crack pattern is preserved after the heat
treatment which is a first indication for thermal stability of
the photonic crystals’ framework. A more detailed optical
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Figure 3. Reflectance spectra of the indium oxide inverse opals:
average of the spectra before heat treatment, and spectra after heat
treatments at different temperatures. The grey horizontal line marks
the maximum reflectance value of 3.5% after 77 h treatment at
550°C. The vertical red line at 450 nm serves as a guide for the
eye to recognize the shift of the maximum intensity.

characterization of the indium oxide inverse opal films before
and after heat treatment (Fig. 3) reveals reflection bands with
maxima between 446 and 466 nm (corresponding to blue).
Since there is no such reflection observed in nonstructured
indium oxide films and the wavelength range corresponds
to the results of theoretical simulations (see later) this color
is taken as a strong evidence for (i) the successful casting
of the inverse opal structure and (ii) the conservation of the
framework after heat treatment. Figure 3 also shows the evo-
lution of the maximum reflectance. As can be seen, it is con-
served (ca. 3.5 %) throughout the heat treatment. This im-
plies that (i) the size of the ordered regions is conserved,
(ii) the position and size of the macroscopic cracks remains
constant and (iii) there is no large change of refractive index
of the InyO3. However, especially after the prolonged 550 °C
treatment there is a strong increase in the background re-
flectance. In principle, the background reflectance is caused
by the opal-substrate interface. Therefore we assume that
this strong increase is due to changes of the utilized glass
substrates which, at 550 °C, is close to the glass transition
temperature.

A more detailed analysis of the position of the reflectance
maximum (Fig. 4) reveals a shift to shorter wavelengths. Be-
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Figure 4. Reflectance maximum after heat treatments at different
temperatures. Error bars: standard deviation of the mean value of
the measurement of five different spots on each sample. Values were
measured from 6 samples for the cases of both as-synthesized and
72h treatment, and the rest of the values were measured from 2
samples for each case.

fore the heat treatment of the indium oxide the mean value of
the band gap maximum for the different samples is 454 nm,
After the heat treatment the reflectance maximum shifts e.g.,
to 449 nm after the 550 °C treatment for the 5h treated sam-
ples. However, as discussed before, the absolute value of the
reflectance of the indium oxide photonic crystal does not de-
crease. For the samples treated for 72 h, a stronger change
in the reflectance peak position is observed. As will be dis-
cussed below, this is most likely due to the thinning of the
inverse opal framework by diffusion of an indium species
into gas phase. For later applications this has to be evaluated
more carefully in the context of the targeted working condi-
tions. Especially the oxygen concentration in the surrounding
atmosphere will have a strong impact on the diffusion behav-
ior.

Summarizing the results from the optical characterization
it can be concluded that indium oxide inverse opals are a ther-
mally stable transducers for high-temperature applications in
the range of 550°C for a limited timespan (72h) since their
optical properties are preserved. For lower temperature as
e.g., 500°C it is assumed that even hundreds of hours can
be achieved according to Arrhenius law, since the processes
which lead to the degradation of the material are thermally
activated.

To further investigate the origin of the observed shift of
the reflection bands, a detailed structural analysis utilizing
PXRD and SEM was carried out. The XRD results (Fig. 5)
show the typical reflection pattern for cubic crystalline in-
dium oxide phase (JCPDS 71-2194). As the heat treatment
temperatures increase from 300 to 550 °C, the crystallite size
calculated by the Scherrer equation increases from about
11.5 to 20nm (Fig. 6). Similar increase of crystallite size af-
ter heat treatment was also reported for In,O3 film deposited
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Figure 5. PXRD data: average of the as-synthesized samples and
after heat treatments at different temperatures.
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Figure 6. Crystallite sizes derived from the (222) peaks using the
Scherrer equation for samples before and after heat treatment. Error
bars: standard deviation of the mean value of the crystallite size of
12 different “as-synthesized” samples.

by the electron beam evaporation method (Senthilkumar and
Vickraman, 2010).

As the position of the stop band is strongly affected by the
periodicity of the inverse opal structure, SEM analysis was
carried out. Figure 7 shows the evelution of the structure af-
ter different temperature treatments. Contrary to the expected
change in periodicity, which was not observed, the periodic-
ity remains stable at about 240 nm (distance between the cen-
ters of two neighboring pores), but there are strong variations
in the pore shape to be observed. The as-synthesized samples
show a typical nanocast inverse opal structure with spherical
pores interconnected by circular windows (Fig. 7a, spheri-
cal pore marked in green, windows in red). For the 450°C
treated sample the window size is increased (Fig. 7b) and
after 550°C the windows are widened in such a way that
the inverse opal framework is formed by a rod-type structure
(Fig. 7c).

Compared to the as-synthesized sample, which shows a
smooth surface in the SEM, the indium oxide annealed at
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Figure 7. SEM images of the inverse opal structures: as synthe-
sized (a), annealed at 450 °C (b} and at 550°C for 5+ 72h (¢).
Insets show zoomed out region of (a) and (c) with spherical pore
marked in green, windows connecting pores in red and rods form-
ing after 550 °C treatment in blue.

550°C shows thickness variations along the rods. The nar-
row necking on the rods’ surface might be correlated to the
thermal grooves typically formed along grain boundaries on
the surface of thin polycrystalline materials after annealing
(Gottstein, 2004). Mainly driven by the energy reduction of
the system via eliminating grain boundaries, the crystallite
size (grain size) increases as the heat treatment temperature
increases which is shown above in the XRD results. Mean-
while, the margin of the window of the as-synthesized in-
verse opal structure changes its shape to the rod-type struc-
ture driven by the reduction of surface energy. The thermal
grooves on the surface of rods form when the average grain
size reaches the size of the smallest sample dimension, which
is the diameter of these rods here in nanometer range. These
grooves lead to a retarding force on the grain boundary mi-
gration reducing the grain growth rate, which is beneficial for
the thermal stability we are aiming at. These grooves are, in
principle, even able to stop grain growth when the grain size
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Figure 8. Simulated mid-gap wavelengths for indium oxide in the
inverse opal structure and the after annealing rod-type structure
(structural model as inset) at different volume fractions of solid
phase, the dashed lines show the measured reflectance maxima.

is about twice the sample thickness in the case of a thin sheet
sample (Gottstein, 2004). This effect may explain the cease
of grain growth after prolonged heat treatment (72 h) at high
temperature (550 °C) (Fig. 6). However, to further prove this,
prolonged treatments have to be carried out.

We consider Ostwald ripening and surface diffusion to be
the dominating mechanisms which might lead to the for-
mation of the new rod-type structure. Ostwald ripening is
driven by indium oxide vapor pressure difference at the
highly curved window margins (high pressure) and at the
less curved surface of rods (low pressure). The indium oxide
evaporates from the margin and condenses on the rods. Sur-
face diffusion (mass transfer diffusion) can also occur since
the surfaces of as-synthesized inverse opal wall structures
most probably contain many surface defects, and therefore
allow the formation of mobile adparticles to transfer mate-
rial.

To test if these structural changes due to heat treatment
might be responsible for the observed blueshift of the re-
flectance maxima, simulations of the photonic band struc-
tures of the as-synthesized sphere-type as well as of the rod-
type structure have been carried out utilizing MPB (Johnson
and Joannopoulos, 2001). Results (Fig. 8) show aband gap of
the mid-gap wavelength of 460 nm (the same as the average
wavelength of the reflection maxima of the as-synthesized
samples) would be opened for the inverse opal structure
when the volume fraction of indium oxide is assumed to be
19 %. Given the shrinkage of materials during the casting
process, this smaller volume fraction is considered to be a
reasonable and close-to-reality volume fraction of the solid
phase in the as-synthesized inverse opal structure, instead of
26 % for the ideal case of face-centered cubic close pack-
ing. For the very same volume fraction, the simulation re-
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sults show that the band gap blueshifts by 2 nm (from 460
to 458 nm) from sphere-type to rod-type structure. This theo-
retical blueshift qualitatively agrees well with the experimen-
tally observed shift in the same direction, but the amount of
the measured shift is larger (21 nm). However, the simulation
results show that loss in indium oxide mass also will have a
strong impact on the position of the reflectance maximum. A
reduction of the solid volume fraction by about 7 %, proba-
bly due to evaporation of the indium oxide, can lead to the
observed shift to 433 nm.

Summarizing the results of the SEM, XRD characteriza-
tions and the photonic band structure simulations it can be
concluded that the structural change from sphere-type to rod-
type in combination with a 7% mass loss can explain the
observed changes in optical properties. However, this theo-
retical estimation is only accurate under the assumption that
the refractive index of indium oxide remains constant. At the
current stage, it is difficult to measure the refractive index
change of the inverse opal films as a porous material after
the heat treatment. In the literature, it was reported that the re-
fractive index of In; O3 film deposited by electron beam evap-
oration increases as the temperature increases, which may
be attributed to the improved crystallinity, and the changes
of the packing density and porosity of the film after anneal-
ing (Senthilkumar and Vickraman, 2010). Since this synthe-
sis method is completely different from the one used in the
present study, it is difficult to estimate whether the similar
trend of refractive index change occurs here. In case of in-
creased refractive index after annealing, the expected mass
loss which can lead to the observed blueshift should be larger
than 7 %.

4 Conclusions

Indium oxide inverse opals show stable optical properties up
to the temperature of 550°C in air for 72h. The observed
structural changes due to heat treatment, such as grain growth
and pore shape modifications, occur in the length scale which
is 1 order of magnitude smaller than the periodicity of the
photonic crystals. The visible light as a sensing signal is not
sensitive to these minor structural changes as long as the
periodicity and refractive index of the photonic crystals re-
main stable at high temperature. This inherent optical “in-
ertness” of photonic crystals to structural changes at certain
level makes them interesting candidates for a new class of
optical gas sensing transducers at high temperatures. Fur-
thermore, it is practically very convenient that the structural
color of photonic crystals can be utilized as an indicator for
the structural integrity since it can be readout by the naked
eye. Not only is the possibility of remote sensing using op-
tical readout attractive for high-temperature application but
also for conventional resistive sensing the open inverse opal
structure might be of interest since it allows the design of
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sensors with characteristics independent of structure limita-
tions.
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ABSTRACT: Some metal oxide semiconductors, such as
tungsten trioxide or tin dioxide, are well-known as resistive
transducers for gas sensing and offer high sensitivities down to
the part per billion level. Electrical signal read-out, however,
limits the information obtained on the electronic properties of
metal oxides to a certain frequency range and its application
because of the required electrical contacts. Therefore, a novel
approach for building an optical transducer for gas reactions
utilizing metal oxide photonic crystals is presented here. By the
rational design of the structure and composition it is possible
to synthesize a functional material which allows one to obtain
insight into its electronic properties in the optical frequency
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range with simple experimental measures. The concept is demonstrated by tungsten trioxide inverse opal structure as optical
transducer material for hydrogen sensing. The sensing behavior is analyzed in a temperature range from room temperature to
500 °C and in a wide hydrogen concentration range (3000 ppm to 10%). The sensing mechanism is mainly the refractive index
change resulting from hydrogen intercalation in tungsten trioxide, but the back reaction has also impact on the optical properties
of this system. Detailed chemical reaction studies provide suggestions for specific sensing conditions.

KEYWORDS: photonic crystals, optical sensors, tungsten oxide, inverse opals, hydrogen sensing

Metal oxide (MOX) semiconductors are often used as
electric transducers for resistive gas sensing. Because of
the inherently low selectivity of the resistance to certain
chemical reactions, different (spectroscopic) techniques are
applied to obtain additional information on the electronic
properties. However, electrical read-out sets the limit of the
obtainable information to a certain frequency range. In
addition, the electrical contacts and wiring required by this
type of sensor often limit its applicable environmental
conditions. Opposed to that, remote sensing using MOX
based optical transducers allows for new techniques to improve
the selectivity and is more suitable for applications in harsh
environments such as high temperature conditions or
atmospheres containing explosive substances.

We present a novel approach based on photonic crystals
(PhCs) to obtain insight into the electronic property change of
MOX in the optical frequency range with simple experimental
measures. By the rational design of the structure and
composition of semiconducting MOX, we are able to synthesize
a functional material which can be utilized as an optical gas
transducer, The concept is demonstrated by an example of a
selective hydrogen (H,) sensing MOX with optical read-out
(Figure 1).

We focus on the relationship between the detailed chemical
reactions and the optical responses of this system at different
H, concentrations and operating temperatures to advance our

< ACS Publications — © xxxx American Chemical Society
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Figure 1. Scanning electron microscopy (SEM) image of the top
surface of the WO, inverse opal coated with Pt and a photograph of
the sample (inset).

understandings of the sensing mechanisms of MOX based
optical transducers for gas sensing.

Transducer Concept. Physical properties, e.g., conductivity
and permittivity, of semiconducting MOXs are influenced by
their chemical reactions with the surroundings. This effect is
utilized to build chemical transducers for a whole variety of
different g:\ses.1 Complexity of techniques to gather informa-
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Figure 2. Casting procedure to synthesize a MOX inverse opal: an artificial opal (left) is infiltrated with a metal salt solution (middle); afterward, the
metal salt is thermally converted to the MOX and the opal matrix is combusted (right).

tion on the electronic properties of materials ranges from
simple direct-current (DC) conductance measurements” to
impedance® and optical spectroscopy.” Thereby a frequency
range from 0 Hz to 1 PHz is covered. The choice of method
depends on the demands on selectivity and sensitivity for a
given application; each method has its pros and cons:

(i) DC conductance measurements allow simple and cost
efficient setups and are therefore utilized in many mobile
applications. However, without further measures such as
temperature cycled operation combined with sophisticated
data E\rzlluznliurl,j selectivity is poor.

(ii) Electrochemical impedance spectroscopy (EIS) grants
access to the dielectric properties (related to ionic and dipolar
interactions) of the material and electrochemical processes
during gas reactions.” Since different reaction mechanisms
dominate at certain frequencies (resonances), separation of
reaction with target gas from unwanted influences is possible.
Even though nowadays reasonably priced integrated circuits
with certain restricted frequency range compared to lab
equipment are available,” EIS is not used for chemical gas
sensing due to its high sensitivity to many disturbances from
electrical contacts and noise.

(iii) Optical spectroscopy in the visible and UV regime (UV/
vis) gives insight into the electronic properties of the
semiconductor and can also be correlated to the chemical
reactions with the gas phase.” Detailed analyses of the
transmission spectra can reveal changes in electronic properties
of the material such as surface and bulk defect states’ or
intercalated ions.'® However, measurements of the refractive
index (1) and the extinction coefficient (k) with high accuracy
are only possible by utilizing complex lab spectrometers.

Our approach addresses the problem in the UV/vis
frequency range (see iii.). We utilize PhCs to read out the
gas induced refractive index changes of materials, in the
presented example the change caused by H, reacting with
tungsten oxide (WO;) inverse opals (see Figure 1), by simple
reflection measurements,

The information on the changes of n and k is contained in
the changes of the position and shape of the distinct peaks of
the PhCs' reflection spectra which can be extracted by utilizing
the Fano resonance model'' ™" (for details, see Structural and
Optical Characterization).

Structure Design (Photonic Crystals). To transduce the
electronic properties of a semiconducting material into its
optical properties beyond classical read-out such as reflectance
or transmittance, we design a composite material consisting of
this semiconducting material and a second phase (air)
periodically arranged in space. This structured composite is a
so-called PhC if its periodicity is in the same magnitude of the
wavelengths of the electromagnetic waves one is interested in.
As an optical analogy to semiconductors, photonic crystals form
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photonic band gaps similar to electronic band gaps for
semiconductors. The incident light with the frequency ranges
in these gaps cannot propagate through the photonic crystals,
and thus is reflected. This selective reflection of light results in a
color impression (structural color, see the photograph in Figure
1), if the gaps locate in the visible range. This photonic band
gap property measured as the reflection peak is the optical read-
out used in our approach. A comprehensive overview and
theoretical description of the properties of photonic crystals can
be found, e.g,, in the book of Joannopoulos et al."" or in some
other recent literature.">'® We chose inverse opals as the
specific PhC in this study because they combine good
accessibility to the surface with relatively simple m:mufactun'ng
protocols. The utilized nanocastin§ approach allows for the
synthesis of different metal oxides,"™' silica,'* and polymers.'”

The photonic band structure, and thus the structural color, is
determined by many parameters such as the symmetry and
geometry of the structure,’® the refractive indices of the
constituting phases in the PhC,*"** the volume fraction of
these phases,v and the periodicity of the PhC.”

Providing a proper composition design, some of the
aforementioned parameters such as the refractive index of the
constituting phases can be manipulated by chemical interaction.
This results in a change of the photonic band structure and
therefore in a color change™* ™" which can be utilized to sense
the chemical reaction by means of (simple) optical measure-
ments.

Composition Design. To demonstrate the transducer
concept as described above, we chose the combination of WO,
inverse opal structure as the representative for photonic crystals
(Figure 1) and H, as the test gas.”* WO, as sensing material is
well-known for its electrochromic properties,'’ which are due
to intercalations of small ions like protons or lithium. For
enhancing the decomposition rate of the H, even at low
temperatures, in addition, platinum (Pt) catalyst is deposited
on the inverse opals. We carried out a detailed chemical
reaction study on the H, sensing process of the WO, taking
place at different temperature ranges to understand especially
the characteristics of the sensor signal.

B EXPERIMENTAL SECTION

The synthesis of the WO, inverse opals comprises four steps (scheme
see Figure 2): (i) synthesis of poly(methyl methacrylate) (PMMA)
particles, (i) preparation of PMMA artificial opals as structure matrix
by drop deposition method, (iii) infiltration and conversion of
tungsten oxide precursor, and (iv) deposition of Pt catalyst.

(i) PMMA particles were synthesized by surfactant-free emulsions
poly'mcriz;\tmn,”' For that purpose 400 mL deionized H,O was heated
up to reflux under N, atmosphere and destabilized methyl
methacrylate (21.30 mL, 0.5 mol/L, 99%, Merck) and ethylene glycol
dimethacrylate as cross-linking agent (0.57 mL, 97.5%, Merck) were
added. Potassium persulfate (27 mg dissolved in 1 mL water, Bayer)
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acted as initiator. The mixture was stirred for 2 h under reflux. After
cooling, the dispersion was filtrated to remove large aggregates.

(ii) Artificial opals were prepared by a drop deposition method. In
the first step cleaned (using acetone and ethanol) glass substrates were
heated to 60 °C on a hot plate. Then, a 40 uL drop of the PMMA
dispersion was deposited on the substrate and dried at 60 °C in
ambient air.

(iii) To synthesize tungsten oxide inverse opals, artificial PMMA
opals were infiltrated with ammonium meta-tungstate hydrate solution
(99.99%, Sigma-Aldrich). For that purpose 0.2 g ammonium meta-
tungstate hydrate was solved in 0.080 mL H,O. After dilution of 0.020
mL of this solution in 0.080 mL ethanol and 0020 mL H,0
subsequently a droplet of 0.002 mL was deposited on the PMMA opal.
The composite was dried for 3 h at 60 °C and then thermally
converted in an ashing furnace (400 °C, 0.5 °C/min, 5 h).

(iv) Por standard sensing measurements S0 mass percent (of the
tungsten oxide) Pt catalyst was deposited on the WO; structure by
impregnation with 0.002 mL hexachloroplatinic acid solution (50 mg
in 0.100 mL HyO) and subsequent thermal conversion (300 °C,
0.5 °C/min, 2 h). To investigate the influence of the Pt loading on the
sensing signal the concentration of the hexachloroplatinic acid solution
was varied between 25 and 75 mass percent (25 mg and 75 mg in
0.100 mL H,0, respectively).

The macroporous nonordered reference film was synthesized by a
similar protocol. To avoid the self-organized packing of the PMMA
spheres, 2 uL of the ammonium meta-tungstate solution were added to
40 uL. PMMA dispersion. Afterward this mixture was deposited on a
glass slide and processed as mentioned above.

For the gas measurements the glass substrate with the PhC was
heated up with a ceramic micro heater. A custom built high
temperature optical fiber probe with an integrated gas supply, an
USB spectrometer (USB2000+, Ocean Optics), and a krypton light
source (ecoVis, Ocean Optics) were used to measure the reflectance
spectra. The fiber probe was adjusted at a 90° angle in a distance of 1—
2 mm over the photonic erystal (for schematic, see Figure 4). The test
gas was flushed with 400 mL/min over the sample. As carrier gas dry
N, was used and mixed with H, in different concentrations by custom-
built gas mixing equipment. The data analysis comprises at least two
steps. First the raw spectra were normalized utilizing a silicon wafer
with a known reflectance as reference. In the second step the Fano
resonance fit (1) allowed the determination of the peak parameters as
described in Table 1."
lq + 202 — 2)/TF

A 4 o
’ —J)/TT

F&) 144 1+[2(2

Table 1. Parameters Resulting from the Fano-Fit

symbal
F,

parameter
maximum intensity
asymmetry q
peak position Ay
r
(A7)

peak width
(reflectance offset)

For the mass spectroscopy measurements a Cirrus mks
spectrometer (not calibrated) was used as analyzer. Samples were
placed in a tube furnace and gas atmosphere was controlled by the gas
mixing equipment mentioned above. The gas exhaust of the furnace
was directly connected to the spectrometer. The sample temperature
was monitored utilizing a K-type temperature probe. Measurements
were carried out in 1% H, and 0.62% O, in dry N,. The O,
concentration was chosen as low as possible to reflect the experimental
conditions of the sensing experiment but different from 0% to allow
the regeneration of the active layer in the complete temperature range.
Lower concentration resulting in the blocking of the reaction by the
lack of O, can be observed in the result of another mass spectroscopy
experiment run (see Figure S2 and Table S1).
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The PXRD pattern was measured with a D8 Advance (Bruker), in
the measurement range from 20° to 70° 26 with a step size of 0.02°
and an integration time of 3 s. The X-rays are generated by a Cu K,
with a wavelength of 0.154 nm. For Scherrer evaluation a form factor
of 0.94 was applied. The peak width was determined utilizing
Lorentzian function. The SEM image of the as prepared sample
(without additional metal coating) was taken with a ZeissNeon 40.

For identification of the relevant parameters the reflection spectra of
the HWO; inverse opal structures for the different amounts of
intercalated hydrogen (the value of x) are simulated by using the
commercial software CST MICROWAVE STUDIO.* The frequency
domain solver is used. The incident light propagates along the [111]
direction of the model of the inverse opal structure. There are 9 unit
cells stacked along this direction (£ direction in the model), and “unit
cell” boundary condition of the software is applied to the X and Y
directions. The relative permittivities, both the real and imaginary
parts, of the H WO, for different values of x are derived from the
literature values of the complex refractive indices of H WO,
determined by ellipsometry.”” To construct the inverse opal model,
air spheres close packed in face-centered cubic lattice inside a
background of H.WO; are first used to generate a model with no
overlapping spheres. The diameter of the air spheres is chosen to be
228 nm to guarantee that the center to center distance of the closest
neighboring spheres in the model is very close to the measured one
(227 nm), but also to allow generation of the mesh necessary to be
simulated. In the second step, to model the observed overlap of these
air spheres and generate the windows connecting these spheres, the
diameter of these spheres is enlarged by a factor of 1/f (f = 0.95) while
keeping the center positions of these spheres unchanged (ie., the
lattice constant of the unit cell unchanged). This factor is an estimated
value which results into a model with the ratio between the size of the
connecting windows and the diameter of the spheres comparable to
that in the real structures. Determined by this factor, the volume
fraction of the solid phase in the model is about 16%. This volume
fraction is a reasonable estimation for the solid phase if one considers
the significant shrinkage of the precursors to this phase during
synthesis.

B RESULTS AND DISCUSSION

For this study we prepared Pt doped WO; inverse opals on
glass substrates utilizing a two-step nanocasting method as
described in the Experimental Section. For reference purposes
nonordered macroporous WO; layers are utilized. The
synthesis protocol was similar to the synthesis of the inverse
opal; only the condition during the deposition of the structural
template of polymer spheres was chosen such that no close
packed arrangement of spheres could form.

Structural and Optical Characterization. The structural
characterization confirms the inverse opal structure (Figure 1)
and a mixture of polycrystalline WO, phases (Figure 3).

Evaluation of the peak widths by utilizing the Scherrer
method reveals rather large crystallites for the hexagonal and
water containing WO; phase (44 nm for peak at 28.0036° and
42 nm at 36.8558°) and smaller crystallites for the monoclinic
phase (10 nm at 41.6965°).

The inverse opals reflect light with blue color (for
photograph, see inset in Figure 1). To quantify the reflectance
spectra of the PhCs, we used the Fano resonance model''™'*
(see eq 1; parameters in Table 1) to fit the measured peaks
with typically asymmetric shapes (e.g., the spectrum in Figure
4).
The measured peak positions (defined by the fitting
parameter 4y) agree well with the range of the peak centroids
of the simulated reflectance spectra of the WO, inverse opal
structures (Figure 8). Details about the simulation results and
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Figure 3. Powder X-ray diffractogram of the WO; measured from the
powder scratched and accumulated from many as-synthesized films.
The characteristic peaks of the three different crystalline structures
from the database are shown beneath the diffractogram.
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Figure 4. Scheme of the reflection measurement setup with custom
built fiber probe (left) for optical H, sensing measurements and the
typically measured reflectance spectra fitted with Fano resonance
model (right; for explanations of the parameters, see Table 1).

methods are given in the Sensing Mechanism and Modeling
section and the Experimental Section, respectively.

Transducer Tests—H, Sensing. In general, the H,
sensing measurements reveal a reversible reflection peak shift
to shorter wavelengths and a decrease in reflectance with
increasing H, concentrations in the test gas (e.g, Figure 4,
Figure S, and Figure S1 and video in SI).

In the following, the H, concentration dependency of the
peak shift—as a measure for the gas response of the material—
and the influence of different operating temperatures are
investigated in more detail.

The WO inverse opal shows an immediate response at all
tested temperatures over the H, concentration ranging from
0.3% to 10% (e.g, tyy = 0.7 s for 5% H, at 200 °C, Figure 5,
top). To determine the mechanisms involved in the sensing
processes, the peak shifts in the function of the H,
concentrations at different operating temperatures are plotted
in double-logarithmic scale (Figure 6).

In the temperature range from 150 to 300 °C, the data points
for each temperature lie on a straight line in this log—log plot.
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Figure §. Time evolution and H, concentration dependency of the
reflectance peak position shift during the H, sensing measurements at
100, 150, and 200 °C. The gray boxes indicate the time window for H,
EXP()SUTE.

Therefore, the characteristics of the sensing response (i.e., the
correlations between the peak shifts and the H, concentrations)
in this temperature range can be described by a monomial of
the type A a-cmk where the slope corresponds to the exponent

k, with 4, ¢y, and a being the peak position, H; concentration,

and constant, respectively. A similar characteristic is observed
for the chemoresistive sensors based on MOXs. The common
interpretation of this characteristic assumes a surface dominated
reaction mechanism with the monomial identified as the so-
called Freundlich isotherm,”” which describes gaseous
adsorption by an empirical parameter k,

For higher operating temperatures (l"igure 6, right), the
shape of the characteristic changes. We exclude microstructure
changes, such as the sintering effect, as the reason for this shape
change, since the optical effect is reversible and the different
concentrations were not measured in ascending or descending
order. This shape change rather indicates that an additional
process requiring a higher thermal activation energy starts to
dominate the response, which is in good agreement with the
reaction studies discussed in the next section.

In addition to the gas concentration related shift, we
observed a strong influence of the operating temperature on
the initial peak position 4, in pure nitrogen (N,) (Figure S3).
The combined effect of the thermal expansion and the
thermochromic change of WO; is an anticipated materials
science explanation to this observation. However, the thermal
expansion of WO, (upper limit of the thermal expansion
coefficient @ = 125 x 107 K™'*°) will increase the lattice
constant of the inverse opals by less than 1 nm for a
temperature increase of AT = 350 K which will only lead to a
shift of Ady & 2 nm to longer wavelengths. This relatively small
red-shift does not match the observed pronounced red-shift of
about 20 nm from 150 to S00 °C. Furthermore, the refractive
index of WO, decreases with increasing temperature® which
would cause a blue-shift of the peak position to the already
small thermal expansion related red-shift compared to the
observed red-shift. Therefore, the origin of this behavior is still
an open question. We assume this effect is correlated with the
variation of the chemisorbed oxygen coverage on the surface of
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Figure 6. Log—log plot of the sensors characteristics for different H, concentrations in N, at 150 to 300 °C (left) and at 400 and 505 °C (right); left:
k values result from the monomial fit (dotted lines, see text). Upper gray scale and data points result from the optical simulation based on literature
refractive index values and represent a rough estimate of the hydrogen content in the WO, lattice. The full data set from the simulation is shown in
Figure 8. Right: nonlinear curve shape indicates that the data cannot be fitted by a monomial. (Note: The difference between log and linear scaling
on the vertical axis is very small since we zoomed in to the region of interest.)

and the number of oxygen vacancies inside WO; at different
temperatures, which are well-known effects in semiconducting
gas sensors. However, further experiments regarding the optical
properties of WO; in different atmospheres at elevated
temperatures are necessary to clarify this question. Here we
are not focused on the initial peak position, but rather
interested in the gas induced peak shift at each constant
operating temperature.

Sensing Mechanism and Modeling. To better under-
stand the complex gas sensing process, we discuss the possible
reactions at different stages of the process in two subsections
describing (i) the reaction of H, with WO, and (ii) the back
reaction during the H, exposure and after the H, supply is
stopped, respectively. The scheme in Figure 7 shows a generic
sensor response signal, and gives an overview of the
terminology used.

Reaction. A known reaction between lI-l2 and WO, is the

formation of tungsten bronze (HWO,):

Iy
¥/2H, + WO, — HWO,

2)
H, exposure
£ | response regeneration
N eq.(2) eq. (7) room temperature
E #dq. (8) 176 °C
£ eq. (9) 336 °C
i
]
: reaction  eq. (2)
© €q.(7) room temperature
—

2 back mactlnn{ q.(8) 176 °C

eq.(9) 336 °C

time / min

Figure 7. Scheme of a generic sensor response; terminology and
numbers of the reaction equations in parentheses describing the
mechanism are given.
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The optical properties of the HWO, correlate with the
hydrogen content. This is linked to a change of oxidation state
of tungsten in the oxide lattice (from +6 to +5 and +4).* An
increase in hyd.rngen content (x) results in a decrease in the
refractive index n and an increase in the extinction coefficient k
of HWOQ; in the visible range”® To qualitatively and
quantitatively verify the possible formation of the HWO;, we
used the dispersion curves of the optical constants of H WO,
with different x™ to simulate the reflection spectra of these
inverse opal structures which are used compare with the
measured spectra. The results show that an increase of the
amount of intercalated hydrogen (the value of x) leads to a shift
of the reflection peaks to shorter wavelength and their
reflectance decreases (Figure 8).

3

peak centroid / nm
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Figure 8. Simulated reflectance spectra of an H;WOj; inverse opal and
the peak centroid correlated with the hydrogen share (inset).

This behavior corresponds well with the observed changes of
the reflectance spectra of WO, inverse opals when exposed to
H, (Figure 4, right). For quantitative comparison the simulated
peak shift is plotted in the function of the amount of
intercalated hydrogen to generate a theoretical characteristic
of the sensing response comparable to the experimental results
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(see inset in Figure 8). To roughly estimate the amount of
intercalated hydrogen by a simple graphical analysis, the
theoretical characteristic (see Figure 6, dashed line and scale in
gray) is then scaled in such a way that its slope matches the
experimentally determined values. By this method, the lowest
and highest H, concentration in the gas phase can be
approximately correlated to a hydrogen content in the lattice
of x = 0.01 and x = 0.02, respectively (see Figure 6, red dotted
lines). Similar results are also reported for the case of
gasochromic WO, films without PhC structure.™

The good agreement between the simulated and measured
spectra indicates that the formation of H WO, is indeed able to
cause the observed optical response during H, sensing by using
WO, inverse opals. However, the analysis so far omits the
reaction kinetics, which will be discussed later. The formation
of HWO, includes four steps:*

Dissociative chemisorption

H, + Pt — H,Pt (3)
Spillover
H,yPt + WO, (e = H=0-WO, g + HPt (4)
Surface diffusion
H-0-WO, yice + WO, susfice
= W05 e + H-0-WO, e (s)
Bulk diffusion
H-0-WO, susice + WO; bk
= WO e + -H=O=WO, 1 (6)

To test the influence of the Pt catalyst on the H, response,
the Pt concentration was varied from 50% to 150% relative to
the concentration of the samples presented here. Interestingly,
this variation did not affect the shape of the characteristic or the
sensitivity (data not shown); therefore, the dissociative
chemisorption of H, at the Pt surface (eq 3) is not supposed
to be the rate-determining step.

Calculations based on periodic density functional theory of
the H, spillover and the formation of H,WO;™ show that the
spillover (eq 4) and the bulk diffusion (eq 6) have relatively low
energy barriers, 0.17 eV for the spillover and 0.51-0.11 eV for
bulk diffusion, and therefore are not the limiting steps as well.
This corresponds with the fact that the intercalation in the
presence of Pt catalyst is a fast process with reaction times
below 1 s (Figure 5 and ref 10).

However, the same calculations reveal relatively high energy
barriers for terminal hydrogen migration to the neighboring
terminal oxygen atoms (0.99 eV) and to other terminal oxygen
atoms (2.91 eV). This high energy barrier at surface implies
that the sensor response and thereby the shape of the
characteristics is mostly determined by the surface diffusion
of the hydrogen atoms, which agrees well with analysis of our
results (Figure 6, left). The limited amount of surface sites and
the high energy barrier then result in the shape of the sensor
characteristics for temperatures up to 300 °C similar to
adsorption dominated chemical sensors.

For higher temperatures, however, a deviation from this
surface dominated behavior can be observed (Figure 6, right).
One reason might be the production of water above 336 °C
(see next section), which catalyzes the surface diffusion™
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['ESI]ltiﬂg in a stronger SENSOT response. ThE energ’y increase Of
the breaking of O—H bond is in this case compensated by an
intermediate O—H bond formed with water.>*

Back Reaction. The H, sensing behavior of the WO, inverse
opals during and after gas exposure does not only depend on
the hydrogen intercalation mechanism proposed before, but is
also influenced by the back reactions taking place simulta-
neously, Therefore, a better understanding of these back
reactions is needed to best describe the observed sensing
behavior in the different temperature ranges. Here, we conduct
a reaction study by means of mass spectroscopy (Figure 9) in
combination with the reactions proposed in the literature,*
which enables us to identify three different back reaction
mechanisms as follows:

T T T
—m=2u(H,)
——m=18 u(H,0)
—m=32u(0,)

'—__...-.—v—-

\

mh

pressure / mbar

6| HWO+x/40, =~
xI2H,0+WO, xI2H, + WO, "
100 150 200 250 300 350 400

temperature / °C

Figure 9. Results of mass spectroscopy reaction study of a WO,
photonic crystal film in N, with 1% H, and 0.62% O,. Proposed
reaction equations for the different temperature ranges (marked by
different background colors) are given in the graph.

Oxidation

HWO,(s) + x/4 0,(g) = x/2 H,O(l) + WO,(s)  (7)
Decomposition

HWO,(s) — x/2 H,(g) + WO,(s) (8
Dispropaortionation

HWO;(s) = x/2 HyO(l) + WO,_, ,(s) 9)

In the temperature range from room temperature up to ca.
175 °C, a decrease of oxygen (O,) concentration and an
increase of water (H,O) concentration are observed (Figure 9,
gray box). The relative pressure changes (Ap) of the O,, H,,
and H,0 concentrations (see Table 2) reflect the stoichiometry
expected from the oxidation reaction (eq 7).

The ratios Ap(H,)/Ap(0O,), Ap(H,)/Ap(H,0), and
Ap(0,)/Ap(H,0) are close to 2, 1, and 0.5, respectively.
(Deviations are due to the precision of the experimental
equipment.) The oxidation reaction can explain the behavior of
the H, sensing measured in N, in this temperature regime (e.g,,
100 and 150 °C in Figure $): the peak position at low
temperatures does not fully recover back to its initial value of
the as-synthesized state. The lack of O, in the gas flow prohibits
the full regeneration of WO, by the oxidation reaction at these
relatively low temperatures. (There is only O at residual level
due to the open sensing setup.) The peak position only
recovers to its initial value after the carrier gas stream is turned
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Table 2. Data Analysis of the Reaction Mass Spectrometric Study”

temperature range  Ap(0Q,) [mbar/K]  Ap(H,) [mbar/K]

Ap(H,0) [mbar/K]

90—-170 °C —0.01245 —0.02759 0.02174
200-320 °C —0.00319 -0.0064 0.00203
330—410 °C —0.00401 —0.01413 0.00377

Ap(H;)/Ap(02)  =Ap(H,)/Ap(H0)  —Ap(0,)/Ap(H0)
222 1.27 0.57
2.01 315 1.57
352 375 1.06

“A-values (slopes) are determined by linear regression in the respective temperature range.

off, and the O, from the surrounding atmosphere can diffuse to
the material (bottom plot in Figure S).

At higher temperatures between 175 and 325 °C, the O, and
H, concentrations decrease, but with a rate lower (e.g, for H,
0.0064 mbar/K instead of 0.2759 mbar/K, see Table 2) than
that below 175 °C, and the water concentration remains stable
(Figure 9, orange box). These changes in the reaction rates
suggest that an additional regeneration mechanism, the
decomposition reaction (eq 8), takes place in this temperature
range. The slower decrease of H, concentration in this range
can be explained by the production of H, in the decomposition
reaction. This observed temperature threshold at ca. 175 °C is
in good agreement with the theoretically estimated activation
temperature of 175 °C for the decomposition of H,WO; based
on the reaction enthalpy and the change of entropy during the
reaction.”®

In contrast to the low temperature case, the peak position
can recover back to its initial value even in a N, atmosphere (in
between H, pulses) when the operation temperature is above
175 °C (eg, top plot in Figure 5, 200 °C). This ful
regeneration of WO, is possible in this case because the
decomposition reaction of H WO, is not limited by the O,
concentration in the carrier gas.

Above ca. 325 °C (Figure 9, blue box), the H,0
concentration increases and the O, concentration decreases
slowly. The decrease of the H; concentration is more
pronounced than that of the last discussed temperature range
where the decomposition reaction (eq 8) dominates the back
reaction (see Table 2). Again, this temperature threshold at ca.
325 °C is in agreement with the theoretically predicted
temperature for the activation of another reaction mechanism:
the disproportionation (eq 9) at 336 °C.”° In this reaction, the
lattice oxygen in H,WQ, reacts with the intercalated hydrogen
to form water, which leads to the observed increased H,O
content in the gas stream. No H, is produced in this reaction
which explains its lower concentration in this temperature
range.

The disproportionation of HWOj creates oxygen vacancies,
and thus forms an additional WO, phase in the inverse opals.
This phase has a smaller refractive index compared to that of
WO, (e.g. theoretically 2.15 for WO, and 2.0 for WO, ,; at 550
nm®”). Therefore, this explains the increased sensor response at
400 °C compared to, e.g., the 300 °C measurements as shown
in Figure 6. So the impact on the refractive index by
disproportionation is supposed to be even stronger than for
the pure intercalation discussed before. However, without
additional O, in the carrier gas supply the effect is irreversible.

To conclude, the results from mass spectroscopy and the
sensing measurements can be interpreted by the suggested back
reaction mechanisms (eqs 7—9). The observed temperature
thresholds to activate different reactions are very close to the
theoretical estimates.” However, please note that at high
temperatures a superposition of more than one back reaction
mechanism will occur. Therefore, the observed concentration
:hanges such as the continuous decrease of O, concentration
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from the temperature range of below 175 °C to the range
between 175 and 325 °C can be explained by the continued
reaction (eq 7) in this temperature range.

The reaction studies we carried out here allow us to reveal
the proper conditions for the application of the WO, inverse
opal layers as H, sensors. The optimum H, sensing
temperature in the absence of O, is between 180 and
330 °C. In this temperature range the WO, regenerates in
the test gas stream by reaction (eq 8), and since no bulk oxygen
is involved, the response and regeneration times are short (see
Figure S, top). If the test gas contains O, for regeneration, the
operating temperatures can be extended at least up to 500 °C,
which is the maximum tested here.

Reference Experiment—Significance of Structure
Design. To highlight the influence of the PhC structuring
on the signal generation, we compare the optical response of
the WOj inverse opal films (sample) to H, to that of the WO,
films with nonordered macropores with the same dimensions
and chemical composition (reference). Since the same chemical
composition is used and only the structuring is different
between the sample and the reference, all reactions and back
reactions we proposed before for the sample will take place for
the reference as well. Consequently, the change of # and k of
the WO; will also occur in the reference which theoretically
leads to the change of its reflectance.

As shown by the results of the reference material (see Figure
10, right), its intensity decreases for about 7% (at 800 nm)
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Figure 10. Reflection spectra of the WO; PhC structure (left) and
typical reflection spectra change of the nonordered macroporous WO,
(right) before (black) and during (gray) H, exposure at 250 °C. Right:
the nonordered WO; show variations in the intensity over a broad
wavelength range. Left: The PhC structure transduces this broadband
change to a more pronounced variation in peak position and shape.

when exposed to 1% H,. At the same concentration, the
reflectance peak position of a WO, PhC film shifts 6 nm from
459 to 453 nm.

Even though the percentage signal change of the PhC film is
smaller, it exhibits a much higher signal-to-noise-ratio (SNR).
For a fair comparison, it has to be mentioned that the SNR of
the reflectance measurement can be improved by proper data
evaluation as well. However, in principle this signal is prone to
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be interfered by the intensity fluctuations of the incident light.
As opposed to that, we have shown previously that even a
simple setup utilizing two vertically stacked silicon photodiodes
as detector allows one to determine the peak shift of a PhC film
with high accuracy.®

In addition, the observed response and regeneration times
are shorter for the WO, PhC film compared to those of the
nonordered WO, (Figure 11). This difference can be explained
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Figure 11, Comparison of the measurement signal of a WO, inverse

opal (bottom) and a macroporous nonordered reference material

(top) at 250 °C during the same H, exposures showing different

regeneration times.

by the faster diffusion resulting from the more uniform wall
thickness distribution and the lower content of thicker pore
walls (ie, higher surface to volume ratio) in the PhC sample
(the wall stands for the materials between pores).

Application—Comparison with Different Sensor
Types. Compared to the most common H, sensors
commercially available, namely, the pellistors, the potentio-
metric electrochemical cells, or the resistance type MOX
sensors,” the optical transducer offers some advantages. The
most notable feature is the remote signal read-out. By an optical
setup utilizing lenses the reflectance spectra can be measured
over some distance. In combination with its high thermal
stability and chemical robustness, this feature qualifies the PhC
‘WO, for applications in harsh environments (e.g, high
temperature, explosive atmosphere, corrosive gases), since no
electrical contact is required. In addition, due to the
intercalation based mechanism, the nanostructured WO,
presented here is expected to be inherently selective to
hydrogen, which is not true, eg., for most resistance type
semiconducting sensors. It could already be revealed that the
signal change for 1% carbon monoxide (CO) is much smaller
than for 3000 ppm hydrogen (0.8 nm peak shift compared to 7
nm at 200 °C, respectively). Humidity changes from 20% to
80% do not show measurable influence on the hydrogen signal
at an operating temperature of 200 °C. Methane up to 1% does
not change the peak position of the photonic crystal measurable
at 200 °C. More features relevant for the different sensor types
for comparison are shown in Table S2.

B CONCLUSION

The optical transducer presented here for gases based on PhCs
offers some preeminent advantages compared to other chemical
sensors such as semiconducting gas sensors. Most prominent is
the remote signal read-out of the active layer, which allows its
application in harsh environments; the limiting parameters,
such as the thermal stability, are determined by the properties
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of the sensing layer, but not of packaging technology. Because
of the distinct reflection peaks of the PhCs, absolute
measurements of the peak positions allow the determination
of the gas response with high accuracy even with simple
measurement setups. As opposed to that, typical gasochromic
sensors rely on transmission or reflection measurements whose
signal can be strongly interfered by the fluctuations of light
intensity in the optical path. Furthermore, the PhC structure
induced optical properties allows the self-test function of the
structural stability of the sensing layer.

In addition to the remote signal read-out, new properties
(e.g, intercalation target species) can be applied to increase
selectivity, as is demonstrated here using Pt doped WO inverse
opals for H, sensing in the concentration range of 3000 ppm to
10% in N, atmosphere. By temperature resolved reaction
studies in the range from room temperature to 500 °C as well
as characterization of gas response under different operating
conditions, we present a model of the sensing mechanism. The
fast response (fy, < 1 s) and regeneration can be explained by
the hydrogen intercalation (H,WO,) and the three temperature
dependent regeneration mechanisms causing changes in the n
and k of the WQ;. The optical simulations as well as the
literature results qualitatively and quantitatively support this
assumption. For operation in O, free conditions the optimum
working temperature is in between 180 and 330 °C. In this
range no O, is required for the regeneration of the WO;. Below
this temperature range small amounts of O, are required for
regeneration, Above 330 °C oxygen from the WO; crystal
lattice takes part in the regeneration of the sensor and limits the
operation time. Except for this limitation, H, sensing with this
setup is possible from room temperature up to minimum of
500 °C (in this study limited by the utilized fiber probe and the
glass-transition temperature of the glass substrate).

The approach we presented here is not limited to the WO,/
H, system. Further studies will apply this new optical
transducer concept on other MOX typically used for chemical
gas sensing to broaden the range of possible target gases. This
concept of using PhCs as optical transducer to read out the
electronic property change of MOX can also be generalized to
other sensing fields (e.g, temperature).
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Figure S 1. H> concentration dependence of the reflectance peak position shift during the Ha
sensing using WOj3 inverse opals at different temperatures.
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Figure S 3. Temperature dependence of the reflectance peak position of a WOs inverse opal
film in Na.

Table S 1. Data analysis of the reaction mass spectrometric study for low O2 concentration:
A-values (slopes) are determined by linear regression in the respective temperature range.

temperature range A p(O2) A p(H2) A p(H0) A p(Hz) -A p(Hz)/ -A p(O2)f
[mbar / K] [mbar / K] [mbar / K] A p(Oz) A p(H:0) A p(H0)
90°C-170°C -0.00455 -0.01446 0.00775 3.18 1.87 0.59
200°C-320°C -0.000802 -0.00526 0.00474 -6.56 -1.11 0.17
330°C-410°C -0.00227 -0.02277 0.00616 10.03 3.70 0.37
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Table S 2. Comparison of different H» sensor types

pellistor potentiometric metal oxide sensors photonic sensor
electrochemic cell

Concentration range Upto4 % 10 ppm — 100 % 10ppm -2 % Minimum 3000 ppm
-10%

Temperature range -20-70 °C Up to 1300 °C 180-650 °C Room temperature

up to minimum

505 °C

Other limitations 5-10 % O, are Measurement in Nz 0O, is required

required Logarithmic Cross sensitivity
Cross sensitivity to dependency
other oxidizing Cross sensitivity
gases
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