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1 Uvod a hlavni cile prace

Chemické senzory lze definovat jako pfevodniky poskytujici pfimou informaci
o chemickém sloZeni svého okoli'. Pomdhaji lidem fidit procesy chemické
a potravinafské vyroby, nachazeji uplatnéni také pfi monitorovani Zivotniho prostiedi
a v medicin€é. Mezi hlavni vyhody senzorl oproti jinym analytickym systémim patii
nizka pofizovaci cena, vysoka rychlost ziskavani dat a jednoducha obsluha. Jsou
kladeny stale vétsi pozadavky na jejich pfesnost, operaéni stabilitu ¢i selektivitu, proto
se do vyvoje senzort vkladaji kazdoro¢né velké prostiedky.

V dne$ni materidlové védé maji vyznamné misto nanomateridly (nanostrukturni
materialy). Nanomateridlem je nazyvan takovy material, jehoz stavebnimi jednotkami
jsou Gastice o rozmérech nanometrir’. Nanostruktury vykazuji kvalitativné nové
vlastnosti, které nelze jednoduSe odvodit od vlastnosti jednotlivych komponent
a slibuji bohaté aplikace. Pronikly i do oblasti vyvoje senzor’. Nanokrystaly ve své
struktufe obsahuje také porézni kiemik. T€zistém této doktorské prace je vyuziti
porézniho kifemiku jako chemicky citlivé vrstvy pro konstrukci chemickych senzord.

Porézni kiemik byl objeven v roce 1956 v Bellovych laboratotich v USA. Ve své
praci popsal Uhlir vznik tenké porézni vrstvy na povrchu krystalického kiemiku®. Od
poloviny 70. let se fada védct snazila vyuzit porézniho kiemiku pii vytvaieni
izolaCnich vrstev v integrovanych obvodech. Jeho viditelna fotoluminiscence vSak byla
objevena o mnoho let pozd¢ji. V roce 1990 L. T. Canham publikoval préci, ve které
popisuje silnou Cervenou luminiscenci porézniho kiemiku za pokojové teploty pii
buzeni UV zéafenim’. Zminény objev vyvolal mezi chemiky a fyziky obrovsky zajem,
srovnatelny s vinou zajmu o vysokoteplotni supravodiée v poloviné 80. let. Od roku
1990 bylo o poréznim kfemiku publikovano pies 6000 ¢lanka® zabyvajici se jeho
vlastnostmi jednak z hlediska zakladniho vyzkumu, jednak z hlediska aplikaci’.

Od objevu viditelné fotoluminiscence porézniho kfemiku sméfoval vyzkum
zejména do oblasti optoelektroniky. Konstrukce elektroluminiscen¢niho zdroje svétla
na kfemikovém materidlu by znamenala prilom v mozZnosti integrace mikroelektroniky
a optoelektroniky na bazi jednoho materialu. Toto spojeni zatim znemoziuje znacna
nestalost fyzikalnich vlastnosti porézniho kiemiku v dasledku velkého wvnitiniho

povrchu porézni vrstvy a z toho vyplyvajici vysoké reaktivity.



Velka plocha povrchu porézniho kifemiku je vSak vyhodou pro jeho vyuziti
v oblasti chemickych senzori®. Byly popsany napiiklad senzory chemickych latek
detekujici na principu zmény elektrické vodivosti porézniho kiemiku’, reverzibilniho
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' ¢1 kombinovaného elektronického nosu na bazi zmény

zhéseni fotoluminiscence
reflektivity a zhaseni fotoluminiscence'. Sledovanymi slou¢eninami byly kapalné
organické latky, oxid sifiCity, oxidy dusiku a dalsi. Selektivitu senzori na bazi
porézniho kiemiku lze ménit vhodnou funkcionalizaci jeho povrchu latkami
s vhodnymi rozpoznavacimi vlastnostmi'*"?.

Cilem této doktorské prace bylo studium senzorové odezvy porézniho kiemiku na
vybrana organicka rozpoustédla v plynné a kapalné fazi. K tomuto ucelu byly
pfipraveny a charakterizovany vrstvy porézniho kifemiku. Vzorky byly pouzZity
k méfeni piimo, nebo byla provedena vhodnd chemicka uprava jejich povrchu za
ucelem zvySeni operacni stability a zvySeni selektivity senzorové odezvy.
K funkcionalizaci povrchu byly pouzivany také latky se schopnosti molekulového
rozpoznavani. Pozorovanou senzorovou veli¢inou byla ve vSech pfipadech zména
fotoluminiscence porézniho kiemiku v piitomnosti riznych koncentraci par analytd.
V nékterych métenich byl sledovan soucasné i pribéh dohasinani fotoluminiscence
v zavislosti na koncentraci analytu. Publikované prace jsou zaméfeny na vysvétleni

mechanismu senzorové odezvy porézniho kiemiku v plynné a kapalné fazi a na

studium vlivu funkcionalizace povrchu na chovani senzorového prvku.

Hlavni ukoly doktorské prace lze shrnout do nasledujicich bodi:
1. Ptiprava porézniho kiemiku definované makroporézni struktury.
2. Méfeni koncentratnich zavislosti fotoluminiscencni senzorové odezvy
standardniho (chemicky nemodifikovaného) porézniho kifemiku pro vybrana

organicka rozpoustédla v plynné a kapalné fazi.

(98]

Vysvétleni mechanismu zhaseni fotoluminiscence porézniho kfemiku

jednoduchymi organickymi latkami v plynné a kapalné fazi.

4. Modifikace senzorové odezvy pomoci chemickych uprav povrchu porézniho
kfemiku vhodnymi slouceninami za ulelem zlepSeni operacni stability
a zvySeni selektivity detekéni vrstvy senzoru.

5. Meéfeni koncentra¢nich zavislosti fotoluminiscenéni senzorové odezvy

porézniho kifemiku s funkcionalizovanym povrchem na péary vybranych

organickych rozpoustédel.



6. Realizace souc¢asného meéfeni zmeén intenzity fotoluminiscence a rychlosti
dohasinani  fotoluminiscence porézniho kifemiku v pfitomnosti par

chemickych latek.



2 Teoreticka Cast

2.1 Senzory

2.1.1 Definice senzoru, rozdéleni a vyuziti senzori

Obecna definice senzoru dle IEC (International Electrotechnical Commission)
uvadi: ,,Senzor je zékladni ¢ast méficiho zafizeni, kterd pievadi vstupni proménnou
veli¢inu na signal vhodny k méfeni“'®. Chemicky senzor lze definovat jako pfevodnik
poskytujici ptimou informaci o chemickém sloZeni svého okoli'. Je tvofen fyzikalnim
pfevodnikem a chemicky citlivou selektivni vrstvou.

Blokové schéma chemického senzoru je uvedeno na obr. 2.1.

Detek¢ni
vrstva Prevodnik

Zesilovac

—
Vystup

Rozhrani

Obr. 2.1 Zakladni blokové schéma mériciho Fetézce.

Existuje mnoho hledisek, podle nichz se senzory (obecné) rozdéluji do riiznych
kategorii. Nejpouzivangjsi rozdéleni vychazi z pfedstavy, Ze senzor lze chapat jako
pfevodnik mezi snimanou (vstupni) a naméfenou (vystupni) veli¢inou. Pravé tento
pohled odlisuje chemické a biochemické senzory od ostatnich. Podle druhu vstupni
métené veliCiny l1ze senzory rozdélit na mechanické, teplotni, elektrické, magnetickeé,
optické, chemické'®. Dalsi mozZnosti klasifikace je déleni na aktivni snimage, které jsou
zdrojem energie, a na pasivni snimace, které samy o sob¢ zdrojem energie nejsou.
Treti, ale zdaleka ne poslednim, zptisobem déleni je rozdéleni podle interakce
s méfenym prostfedim na senzory dotykové a bezdotykové.

V primyslové praxi maji senzory vyznamnou pozici ve vyrobni struktuie, kde

snimaji parametry realného technologického procesu na jejichz zakladé je zpétné tento



proces fizen pomoci fidici jednotky prostiednictvim aktuatoru. Aktudtor je zafizeni,
které prevadi vstupni signdl na urcitou ¢innost (napft. elektronicky fizeny ventil). Dalsi
vyuziti chemickych senzort je v oblasti monitorovani Zivotniho prostiedi a v mediciné.
Dulezité je vyvinout spolehlivé, dostate¢né piesné a piitom cenové piijatelné pristroje.
Béhem poslednich let se velmi moderni senzorovou technikou stavaji elektronické
nosy a jazyky'"'®. Tak jako mé lidsky nebo zvifeci &ichovy organ smyslové buiiky na
sliznici ¢ichového organu a pfislusné nervové centrum v mozku, je i elektronicky nos
kombinaci chemickych senzord (senzorové pole) a systému, ktery signdl senzoru
srovnava se vzorovym signalem. Na podobném principu funguje elektronicky jazyk.

Ten analyzuje a porovnava chemické slozeni kapalné faze.

2.1.2 Zakladni pracovni charakteristiky senzori

Chemicky senzor byl mél pii méfenich poskytnout dostate¢né spolehlivou
informaci o pfitomnosti a koncentraci analyzovanych latek'®. Charakteristiky senzorii
lze rozdélit do dvou zakladnich skupin. Jsou to jednak statické charakteristiky jako
citlivost, Sum, mez detekce, spolehlivost, dynamicky rozsah (eventuelné¢ linearni
dynamicky rozsah) a selektivita. Nejsledovanéj$i dynamicka vlastnost chemickych

senzorl je rychlost odezvy vyjadifovana pomoci ¢asovych konstant.

Zavislost signalu na koncentraci analytu, kalibra¢ni zavislost

Charakter kalibra¢ni zavislosti ma prvotadou dulezitost pro dosazenou spolehlivost
méfeni. Zavislost signalu na koncentraci se mlze ménit pro rizné intervaly
koncentrace; pro aplikace je zadouci, aby byla v co nej$ir§im intervalu koncentrace
linedrni. Vyjadii-li se odezva senzoru (R) v zavislosti na koncentraci analytu (c)

vyrazem:
R=S.¢" €8

(x je realné ¢islo), pak dynamicky rozsah je definovan jako interval koncentrace, ve
kterém x # 0, tj. interval, ve kterém zména koncentrace zpUsobuje zménu signalu.
Linedrni dynamicky rozsah je ¢ast dynamického rozsahu, kde — v idealnim pfipadé —
x = 1, vrealnych ptfipadech je definovan pro x v intervalu (0,98; 1,02). Z kalibra¢ni

zavislosti lze zjistit také citlivost (S). Citlivost je definovana jako pomér zmény
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signalu senzoru (AR) a zmény koncentrace analytu (Ac) v daném bod¢ zavislosti

signalu na koncentraci analytu:

S="" ©)

Citlivost tedy pfedstavuje smérnici kalibra¢ni k¥ivky v daném bode¢.
Sum
Sum je ta ¢ast mefené veliGiny, ktera neobsahuje informaci o analytu. U senzort se
méfend veli¢ina sklada ze signalu (tj. odezvy na sledovanou latku) a z n€kolika slozek
Sumu, které tvofi pozadi (zakladni linii). Slozky Sumu zahrnuyji:
e konstantni slozku, ktera prameni napt. z klidovych proudu zesilovaci,
e 3Sum o frekvenci desitek az stovek Hz, ktery je zpusoben pfedevs§im sitovym
kmitoétem,
e nizkofrekven¢ni Sum, ktery je obvykle dasledkem nevhodné konstrukce
analyzatoru,
e soustavny posun v jednom sméru, ktery se nazyva drift,
e pulsy (,,spiky*), které jsou zplisobeny poruchami v sitovém napéti a jinymi
rusivymi faktory.

Je Zadouci, aby Sum byl co nejnizsi, tj. aby pomér signél k Sumu byl co nejvyssi.

Mez detekce a mez stanovitelnosti

Mez detekce udava nejniz$i koncentraci sledované latky, kterou lze kvalitativné
postichnout, mez stanovitelnosti pak nejniz§i koncentraci, kterou lze kvantitativné
stanovit. Mez detekce (C) se urCuje statisticky. Nejcastéji se pocita jako pfisluSny

nasobek odhadu smérodatné odchylky Sumu déleny hodnotou citlivosti:

C=— 3)

kde S je citlivost sensorické odezvy, s je odhad smérodatné odchylky Sumu a hodnota
K je volena v rozmezi 2 - 4 v zavislosti na hladin¢ vyznamnosti od o = 0,1 do o = 0,01.

Mez detekce lze také vypocitat z parametrt kalibra¢ni zavislosti:

11



c=— 4)

kde sy, je odhad smérodatné odchylky signalu.
Mez detekce mize byt obdobné definovana jako vhodny nésobek absolutni hodnoty

Sumu. Hodnota meze detekce klesa se vzristajicim pomérem signalu k Sumu.

Spolehlivost méreni

Spolehlivost se vyjadfuje pomoci piesnosti a spravnosti méfeni, které se ziskavaji
béznymi statistickymi metodami. Pfesné jsou ty vysledky téze série paralelnich
stanoveni, které se mezi sebou dobte shoduji. Spravné jsou takové vysledky, které se
dobie shoduji se skuteénym obsahem stanovované slozky. Vysledky, které jsou piesné
a spravné soucasné, oznacujeme jako spolehlivé. Pfi méfeni je pro ziskani spolehlivych

vysledki dilezita dlouhodoba stabilita a reprodukovatelnost signéluzo.

Selektivita méreni

Dals$im kritériem hodnoceni chemickych senzorl je jejich selektivita. Selektivita
méfeni vyjadiuje schopnost senzoru reagovat na ur¢itou latku nebo skupinu latek bez
interference ostatnich latek pritomnych ve sledovaném systému. Vzhledem k velmi
rozdilnym vlastnostem chemickych senzort riznych typu je selektivita kvantifikovana
ruzné.

Jednou z moznosti jak vyjadfovat selektivitu senzoru je koeficient selektivity, ktery
se pouziva u iontové selektivnich elektrod. Koeficient selektivity udava kolikrat nizsi
signal poskytne senzor pfi méfeni interferentu nez pti meéteni sledovaného analytu,
pfiCem? interferent i analyt jsou o stejné koncentraci.

PoZadavky na selektivitu zaviseji na ucelu méfeni. Senzor, jehoZz odezvu zpisobi
pouze jeden analyt, se nazyva specificky. Uplna specificita je viak nedosazitelny ide4l
a v praxi zaviseji pozadavky na selektivitu na G¢elu méfeni. Pokud chceme sledovat
napiiklad celkovy obsah soli vroztoku nebo celkové pH, nejsou pozadavky na

selektivitu vysoké.
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Dynamické charakteristiky

Dynamické vlastnosti senzorG vyjadfuji jejich schopnost sledovat zmény
koncentrace analytu. Signal redlnych senzorid jako funkce ¢asu neni idedlné vérnym
obrazem Casové funkce koncentrace analytu ve vzorku, a to v dusledku omezené
rychlosti odezvy ¢idla.

V praxi je nejéastéji vyjadfovanou hodnotou popisujici pfechodovou charakteristiku
Casova konstanta senzoru (Ty). Pro exponencialni pribéh ¢asové odezvy je definovana
jako ¢as, ktery uplyne od po¢atku zmény signalu do dosaZeni 63,2% jeho maximalni
hodnoty po skokové zméné koncentrace analytu. Pro neexponencialni priibéh ¢asové
odezvy signalu se pouzivaji ¢asové konstanty Tsy nebo Tgy, coZ jsou casy, které
uplynou od pocéatku zmény signalu po dosazeni 50% resp. 90% maximalni hodnoty
signalu. Pro nékteré typy senzorl byva uzite¢né ureni doby stabilizace Ts, definované

jako ¢as od pocatku zmény do ustaleni nové hodnoty signalu (v praxi plati Ts= 4Ty).

2.2 Porézni kremik

2.2.1 Prvek kremik

Kiemik (27,2 hmotn.%) je po kysliku (45,5 hmotn.%) druhym nejroz$itenéjSim
prvkem v zemské kufe. V ptirodé se nikdy nevyskytuje volny, ale vzdy v podobé
sloucenin s kyslikem nejéastéji ve form¢ oxidu kiemicitého, Akfemiéitanﬁ nebo
hlinitokfemicitani.

Kiemik ¢istoty 96 az 99 % se pfipravuje redukci kiemene nebo pisku velmi €istym
koksem v elektrické obloukové peci. Velmi Cisty kiemik pro polovodi¢ové aplikace (s
obsahem negistot 10° az 107'° %) se ziska bud’ z SiCls, ktery se vyrabi chloraci
odpadniho kfemiku, nebo z SiHCls, coZ je vedlejsi produkt v primyslu zpracovani
kiemiku. Tyto tékavé slouceniny se Cisti dikladnou frakéni destilaci a potom se
redukuji extrémné Cistym zinkem nebo hoié¢ikem. Nékdy je misto redukce SiCly
a SiHCl; pouzivan tepelny rozklad. Polykrystalicky kfemik se roztavi a taZzenim
Czochralského metodou se vyrobi valcové monokrystaly. Pro nékteré aplikace se jeste

¢isti zonalnim tavenim. DalSi postupy vyroby popisuje literatura®'.
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Atomové, fyzikalni a chemické vlastnosti 14Si

Kiemik je polovodi¢ (Sitka zakdzaného pasu

1,12 eV) modrosedé barvy, ma

kovovy lesk?'. V tab. 2.2 jsou uvedeny fyzikalni a chemické konstanty kfemiku.

Tab. 2.2 Fyzikalni a chemické konstanty Si.

Elektronova konfigurace
Krystalova struktura
Mrizkova konstanta

Bod tani

Bod varu

Hustota
Oxidaéni ¢isla

Paulingova elektronegativita

[ Ne ] 3s%3p*
struktura diamantu
541,99 pm pii 25 °C
1420 °C
3280 °C
2,336 gcm™
+4, +2, -2
1,9

Ktemik je v krystalové formé velmi malo reaktivni. Je pomérné odolny vici
pasobeni vody, kysliku a dusiku az do teploty okolo 1000 °C. Tato odolnost je
zpisobena tenkou vrstvi¢kou oxidu na povrchu kfemiku. Po roztaveni se snadno
oxiduje a pii teplot¢ 1400 °C reaguje i s dusikem za vzniku nitridi. Pomalu se
rozpousti za laboratorni teploty v roztocich hydroxidd, které rozpoustéji ochrannou
vrstvu SiO; Nerozpousti se v béZznych mineralnich kyselinach s vyjimkou kyseliny
fluorovodikové nebo smési kyselin obsahujicich kyselinu fluorovodikovou. Kiemik
ma v roztavené formé silné redukéni schopnosti, coz je dano jeho velkou afinitou ke

kysliku.

2.2.2 Priprava porézniho kiemiku

Porézni kfemik se obvykle pfipravuje leptanim monokrystalického kiemiku
kyselinou fluorovodikovou. V zdsadé¢ se pouzivaji dva zplisoby leptani, a to

+22,23

chemicky nebo elektrochemicky®®. V praxi se z divodu v&tsi G&innosti a zarovei

jednoduchosti ¢astéji pouziva zplisob elektrochemicky.
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Elektrochemické leptani kifemiku

Porézni kiemik se vytvari béhem rozpousténi v roztocich obsahujicich fluoridové
ionty za konstantniho anodického proudu nebo potencidlu. Obvykle je upfednostiiovan
konstantni proud, jelikoZ umoziuje lepsi kontrolu porosity a tloustky porézni vrstvy
atedy lepsi reprodukovatelnost piipravy. Jako leptaci lazen se nejéastéji pouziva
vodny roztok kyseliny fluorovodikové ve smési s ethanolem v riznych koncentracich
(nejméné 15% ethanolu). Ethanol je vroztoku leptaci lazné nezbytny kvuli
hydrofobnimu charakteru povrchu kfemiku. Napomaha infiltraci leptaci lazn¢ do
tvoficich se poérd a také ma duilezitou funkci pfi odstraniovani bublinek vodiku
vznikajicich béhem tvorby porézni vrstvy. Oboji hraje vyznamnou roli pfi
prohlubovani poril a utvafeni rovnomeérné tloustky porézni vrstvy.

Télo leptaci cely musi byt zhotoveno z materidlu, ktery je odolny viéi ptisobeni

4 Zakladni schéma cely

kyseliny fluorovodikové. Nejcastéji se pouziva teflon’
pouzivané pro anodické rozpousténi kiemiku je znadzorn€no na obr. 2.2 A. Jako anoda
zde vystupuje samotna desticka kfemiku a jako katoda se pouziva obvykle platina ¢i
elektroda z jiného vodivého materialu odolného vici pisobeni HF. Vyhodou tohoto
uspotfadani je relativni jednoduchost a moZnost pouziti i pro kiemik na nevodivém
substratu. Nevyhodou tohoto uspoiadani je pfedev§im nehomogenita elektrického pole.
To vede k rozdilnym hodnotam lokéalni proudové hustoty, které zptisobuji gradienty
v porozité a tloustce vrstvy.

Kvuli témto nedostatkiim se spise pouzivaji jina uspofadani elektrochemickych cel.
Obvykle nejpouzivan€j§i je cela znazornéna na obr. 2.2 B. Skladad se ztéla
rezistentniho vici HF (teflon), dale z platinové elektrody, nerezového zpétného
kontaktu a O-krouzku (viton). O-krouzek zajist'uje tésnost a vymezuje plochu kiemiku,
na které probiha leptani. Toto uspofadani zajistuje rovnomérnéjsi rozloZeni porozity
a tloustky podél celé vrstvy.

Byly popsany i dalsi typy elektrochemickych cel, jako napf. tzv. ,,double-tank
cell“*. Zde elektrolyt cirkuluje a tim odstrafiuje vznikajici bublinky vodiku z povrchu
kfemiku. Odvéadéni bublinek z povrchu porézniho kiemiku 1ze napomoci také pouzitim

michadla ¢i rotacni diskové elektrody.
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Obr. 2.2 Zakladni schéma usporadani pro leptani Si (A); cela pro pripravu porézniho

kiemiku se zpétnym kontaktem (B).

2.2.3 Voltampérové charakteristiky elektrochemického leptani

kiemiku

Pfi elektrochemické pfipravé porézniho kiemiku se jako substrat nepouziva Cisty
kremik, ale z divodu lepsi vodivosti kiemik dopovany pfimé€semi at’ jiz ve formé p- ¢i
n- typu.

Kremik je pfi katodické polarizaci stabilni. Jediné dilezitd reakce na rozhrani Si/HF
je redukce vody za soucasného vyvoje vodiku pfi vloZeni vy$siho napéti nez je
rozkladné napéti vody. K rozpousténi kiemiku dochdzi pouze p#i anodické

2326 Na pocatku musi v jeho struktufe dojit k zachyceni diry, coz je dobfte

polarizaci
uskutecnitelné u p-typu kiemiku, kde jsou diry majoritnimi nositeli proudu. U n-typu
je proto pii piipravé porézni vrstvy nutno vznik dér stimulovat. Nejcastéji se vyuziva
ozafovani intenzivnim svétlem ve viditelné oblasti. Vliv ozafovani je patrny z obr. 2.3,
kde jsou zobrazeny voltamogramy ziskané pii anodickém leptani kiemikového
substratu n-typu pfi ozafovani a bez ozafovani. Pii leptani ve tmé je anodicky proud
téméef nulovy (kfivka C), sristem intenzity svétla je jeho zavislost na pfiloZzeném
napéti znazornéna na kiivkach B (stfedni intenzita zafeni) a A (vysoka intenzita
zafeni). Voltametricka kfivka A se v oblasti anodickych prouda sklada ze dvou ¢asti

rozdélenych ostrym pikem, na obrazku oznatenym j(psl). Cést v oblasti niZ$ich
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potencialli odpovida tvorbé porézni vrstvy, ¢ast v oblasti vysSich potenciall se nazyva

,electropolishing plateau”. Zde dochazi k odtrhavani porézni vrstvy od substratu.

JImA cm] 4 - )
v l .'.'

2] 200 S
. B
e femssgesmts ™ C

0
2 2 4 e [V]
2 -

Obr. 2.3. Voltametrické krivky leptani n-typu kiemiku pfi ozarovani substratu vysokou
(A) a stiedni (B) intenzitou viditelného zaFeni a bez ozaFovani substratu (C); referenéni

nasycena elektroda — argentchloridova.
2.2.4 Mechanismus anodického leptani kiemiku

Pfesny = mechanismus  elektrochemického  leptani  kfemiku  kyselinou
fluorovodikovou neni dosud plné objasnén. Byla navrzena fada modeld, které tento déj
vysvétluji. At uz je mechanismus rozpousSténi kfemiku jakykoli, je zfejmé, Ze
k procesu leptani je nezbytna piitomnost fluoridovych iontt a dér (h") a Ze se béhem
leptani spojeném s tvorbou porézniho kfemiku vyviji vodik. Mnozstvi vytvoieného
vodiku pii zvySovani vkladaného napéti klesa a jeho tvorba se zastavuje v oblasti
napéti, kde dochézi pouze k ,electropolishingu“?’. Sumarné Ize poloreakci probihajici

na anodé¢ pii tvorbé porézniho kifemiku popsat chemickou rovnici
Si + 6HF — H,SiFe + Hy + 2H" + 2¢” (5)

a béhem ,.electropolishingu‘ probiha poloreakce
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Si + 6HF — H,SiFs + 4H" + 4¢” (6)

Pii obou dgjich rozpousténi kiemiku kyselinou fluorovodikovou je finalnim
stabilnim produktem kyselina hexafluorokfemicitd nebo néktera z jejich ionizovanych
forem. Z prvni rovnice vyplyva, Ze bé€hem vytvafeni porti se pouze dva ze Ctyf
valen¢nich elektronti kiemiku tucastni reakce pfenosu néboje na fazovém rozhrani,
zatimco zbyvajici dva elektrony se podili na tvorbé plynného vodiku. Béhem
»electropolishingu® se vSechny ¢tyfi elektrony zicastiiuji elektrodové reakce.

Navrh mechanismu tvorby porézniho kiemiku, ktery je nejvice uznavan odborniky

zabyvajicimi se studiem porézniho kfemiku je znazornén na (obr. 2.4)%,.

: 2 . : M,
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Obr. 2.4 Model rozpoustéciho mechanismu kfemiku fluoridovymi ionty.

Tento popis rozpoustéciho mechanismu piedpoklada oxidaci povrchovych Si vazeb
zachycenim diry a nasledné odtrzeni elektronu, -coZz vede ke vzniku dvojmocného

oxidac¢niho stavu kfemiku.
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2.2.5 Vliv podminek elektrochemického leptani na strukturu porézni

vrstvy a charakterizace této struktury

Chemicky citliva vrstva porézniho k¥emiku je hlavni ¢asti senzorického prvku.
Vrstva je charakterizovana rGznymi parametry, z nichZ nejdileZitéj§i jsou porozita
a tloustka®®. Dalsimi dileitymi parametry jsou velikost, tvar a smér périi vzhledem ke
krystalografické orientaci kiemikového substratu®*>’. Viechny tyto parametry jsou
zavislé na vychozim materidlu a na podminkach pfipravy — typu kiemikového
substratu, koncentraci pfimésového prvku v kfemiku, pouzité¢ proudové hustoté, dobé
leptani, koncentraci fluoridovych iontd, na druhu a koncentraci organického

rozpoustédla v leptaci smési, atd.

Porozita a tloust’ka porézni vrstvy

Porozita urcuje procentualni podil odleptaného kiemiku a tloustka udava, do jaké
hloubky byl kiemikovy substrat vyleptan. Oba tyto parametry se vétSinou stanovuji
gravimetrickou metodou.

Vzorky porézniho kiemiku s porozitou mezi 20% az 75% se pripravuji snadno,
protoZe kiehké stény port jsou jesté natolik silné, Ze odolaji pisobeni kapilarnich sil
béhem suseni. Jako vysoce porézni se oznaluji vrstvy s porozitou vy$si nez 80%.
Porozity vy$3i nez 90% jiz nelze prakticky dosdhnout, protoze takova vrstva se hrouti.

Se vzristajici koncentraci pfimési v kiemikovém substratu vzrista jeho vodivost
a také se zvySuje porozita vrstvy vznikajici pti anodické oxidaci. Proudové hustota ma
zasadni vliv na porozitu vznikajici porézni vrstvy, srostouci proudovou hustotou
obvykle vzrlista stuperi porozity. Pouze pro n* substrat vykazuje tato zavislost jiny
prubéh. Pii zvolené 15% koncentraci kyseliny fluorovodikové bylo zjisténo, Ze do
hodnot 20 mA/cm® porozita klesd a nad touto hodnotou stoupa. Se vzriistajici
koncentraci kyseliny fluorovodikové v leptaci lazni porozita klesa®*.

Doba leptani, béhem niz dochézi k tvorb€ porézni vrstvy, ovliviiuje minimalné jeji
porozitu, ale vyznamnéji jeji tloustku. S prodluzujici se dobou leptani se porézni

vrstva prohlubuje.
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DalSi sledované parametry porézni vrstvy
Velikost, tvar ¢i smér porii 1ze rovnéZ stanovit metodami elektronové mikroskopie®’,
Ramanovy spektroskopie3 2 & rentgenové difrakce®. Co se tyka sméru pérd, porézni
vrstva vétsinou obsahuje hlavni porové kanalky a tzv. ,,vétveni* (vedlejsi kanalky).
Podle velikosti hlavnich porovych kanalkl rozliSujeme kiemik mikroporézni (primeér
pod 2 nm), mezoporézni (2 nm az 50 nm) a makroporézni (nad 50 nm). Stény port
mezoporézniho a makroporézniho kfemiku jsou pokryty mikropory. Smér a tvar
hlavnich poérovych kanalki =zavisi predev§im na krystalografické orientaci
kfemikového substratu. Napfiklad u kfemiku s krystalografickou orientaci (100)
vznikaji poéry se Ctvercovym priufezem zatimco na kiemiku (111) pory
s trojtthelnikovitym prifezem™*. ‘

K ureni parametrii Gzce souvisejicich s porozitou (objem port porézni matrice
ajeji specificky adsorpéni povrch) se Casto pouZiva metoda analyzy adsorpénich

izoterem®®. Povrch porézniho kiemiku ma plochu od 200 m*/cm® do 600 m%cm?’.
2.2.6 Luminiscence porézniho kiremiku

Pro popis senzorovych vlastnosti porézniho kiemiku, zaloZzenych na zméné
fotoluminiscence v ptitomnosti chemickych latek, je nezbytné alespoii struéné objasnit
vznik fotoluminiscence.

U polovodi¢ovych materidli dochazi pii pohlceni dostatecného mnozstvi energie
k pfechodu elektronu z valenéniho do vodivostniho pasu, ¢imz se vytvoii par elektron
— dira, tzv. exciton. Zpétny pfechod elektronu pies zakazany pas do valenéniho, neboli
rekombinace elektronu s dirou se miize dit nezafivé (uvolnéna energie se pieméni napf.
na tepelné kmity krystalu) nebo zarivé, kdy dojde k vyzafeni fotonu o energii
odpovidajici §ifce zakdzaného pasu. U polovodi¢li s neptimym zakdzanym péasem
dochdzi pii zafivé rekombinaci k interakci s kmity krystalové mfizky, tzv. fonony,
¢imzZ ¢ast uvolnéné energie piejde do téchto kmitd. U polovodic¢h s pfimym zakdzanym
pasem (napi. GaAs) probihd zafiva rekombinace pfimo, tj. bez interakce s fonony.
Takové zafiva rekombinace je o nékolik fadi ucinnéjsi a tyto polovodice vykazuji
intenzivni luminiscenci.

Krystalicky kiemik patfi strukturou valen¢niho a vodivostniho pasu mezi

polovodice s nepfimym pasem zakazanych energii (1,12 eV). Kfemik absorbuje zateni
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v celém viditelném i blizkém infracerveném spektru, sam vSak vykazuje jen velmi
slabou fotoluminiscenci v infracervené oblasti méfitelnou pouze za velmi nizkych
teplot (4,2 K).

Jedine¢nost porézniho kiemiku spociva v jeho intenzivni fotoluminiscenci ve
viditelné oblasti spektra, kterou lze pozorovat jiz pii pokojové teplote’. Hlavni
fotoluminiscen¢ni pds porézniho kiemiku odpovida cervené oblasti, je vSak mozné
pozorovat pasy 1 v blizké infraervené a blizké ultrafialové oblasti. Emise v rozdilnych
oblastech spektra je dana odlisnym padvodem fotoluminiscenénich pésfl36. Nézvy

jednotlivych pasti a oblasti fotoluminiscence téchto pasu jsou uvedeny v tab. 2.3.

Tab. 2.3 Luminiscen¢ni pasy porézniho kiemiku.

Oznaceni Spektrélpi.oblast Poloha maxima
fotoluminisence  *
UV pés Blizka UV 350 nm
»F pas Modrozelena 470 nm
»3 pas Modra az ¢ervena 400 - 800 nm
IC pas Blizka infracervena 1100 - 1500 nm

Fotoluminiscen¢ni pas ,,S*

Z hlediska vyuziti v optoelektronice a pro konstrukci senzor(i je nejdulezitéjsi
fotoluminiscenéni pas ,,S“. Existuje velké mnoZstvi navrzenych mechanismi ptivodu
fotoluminiscence ,,S* pasu. V soucasné dobé jsou nejvice uznavany dva mechanismy
vzniku tohoto péasu - kvantovy rozmérovy jev a mechanismus vlivu povrchovych
stavil.

Prvnim mechanismem je model zaloZeny na tzv. kvantovém rozmérovém jevu

(kvantové omezeni)’**° V tomto modelu je elektron v nanokrystalu kiemiku

pfirovnavan k elektronu v pravouhlé potencialové jameé (obr. 2.5).

0o L d
A ' B

Obr. 2.5 Elektron v nanokrystalu kiemiku (A); pravouhla potencialova jama (B).
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Pii makroskopickych velikostech krystalu nezaviseji jeho fyzikdlni vlastnosti na
vlastnich rozmérech krystalu. Pokud se zmenSuje vnéj$i rozmér krystalu, od urcité
kritické velikosti (jednotky az desitky nm) jsou pozorovany vyrazné zmény fyzikalnich
vlastnosti, které zavisi na velikosti krystalu. Z feSeni Schrodingerovy rovnice pro
elektron v nekoneéné hluboké potencialové jamé plyne pro povolené hodnoty energie

vztah,

2 2 .

o ™
2m L*

kde # je Planckova konstanta, m hmotnost elektronu, n kvantové ¢&islo a L Sitka
potencialové jamy. Povolené hodnoty energie (jakoZz i energie piechodll) rostou
s pfevracenou hodnotou ¢tverce S$itky potencidlové jamy. U nanokrystalickych
polovodi¢i dochazi se zmenSovanim jejich rozméru k rozsifeni pasu zakdzanych
energii a k ,,napfimovani* zakazaného pasu. Kvantovy rozmérovy jev je schématicky
znazornén na obr. 2.6. Dusledkem kvantového rozmérového jevu je u porézniho
kfemiku posun maxima vlnové délky emitovaného svétla z infracervené oblasti do
oblasti viditelné a podstatny narist intenzity fotoluminiscence (kvantové uG¢innosti)
v porovnani s kiemikem krystalickym.

w(K)]

4

A B C

Obr. 2.6. Znazornéni kvantového rozmérového jevu; vliv zmenSovani ¢astic na

rozSifovani zakazaného pasu a napfimovani pasové struktury kiemiku.
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Model povrchovych stavi*®*' vychazi z faktu, Ze u nanokrystalickych latek je

vyznamna ¢ast atomu na jejich povrchu. Tyto atomy jsou vystaveny jinému pisobeni
neZ atomy uvnitf nanokrystalu a nepravidelnosti na povrchu mohou byt pak spojeny
s piitomnosti riznych defektd. Defekty ve struktufe porézniho kiemiku zpuisobuji
vznik novych hladin v zakdzaném pasu, které se rovnéZ ucastni rekombinace
excitovanych elektroni a dér. Projevem povrchovych stavi je tedy posun vinové délky
emitovaného svétla k vy$S§im hodnotam (CasteCny Cerveny posun) a pusobi tak proti
kvantovému rozmérovému jevu42.

Z historického hlediska byly vyznamné teorie uvazujici jako pivod luminiscence
rizné skupiny vznikajici na povrchu porézni vrstvy. Napf. siloxeny® — cyklické
slou€eniny kiemiku s kyslikem a vodikem s mozZnosti polymerace, které také vykazuji

intenzivni luminiscenci za pokojové teploty.

Dohasinani fotoluminiscence

Analyza dohasinani fotoluminiscence viditelného pasu nam poskytuje zajimavé
informace. Casovy pribéh dohasinani fotoluminiscence porézniho kiemiku nema
pfesné exponencidlni charakter, ale je popsano modifikovanou exponencielou, tzv.

,.stretched exponential“44:

B
1(t) = 1(0) exp G) )

kde t je ¢as, 1(0) je intenzita fotoluminiscence v ¢ase t = 0 (pfi pferuseni excitace),
I(t) je intenzita fotoluminiscence v Case t po pferuseni excitace fotoluminiscence, T je
Casova konstanta dohasinani fotoluminiscence a parametr < 1 je disperzni parametr.

Charakteristiky p at jsou zavislé na fadé parametri excitace a vlastnostech
vzorku®. Pokud jsou nanokrystaly izolované, B a t nezaviseji na porozité porézni
vrstvy a zaviseji pouze na vinové délce, na které dohasinani pozorujeme. Jsou-li
nanokrystaly spojeny, naptiklad u vzorkd s nizkou -porozitou, zaviseji tyto

charakteristiky i na porozité.
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2.2.7 Chemické slozeni povrchu porézniho kiemiku

Cerstvé pripraveny porézni kiemik je na povrchu pokryt hydrogenovanou vrstvou
tvofenou skupinami =SiH, =SiH,, -SiH; ***’ (viz. obr. 2.7). Ze sledovani pomeéru
atom vodiku ku atomim kfemiku metodou SIMS vyplynulo, Ze povrch Cerstvé
pfipraveného porézniho kiemiku je skupinami Si-H, pokryt prakticky upln&*®. PH
zahfivani porézniho kiemiku, v zavislosti na teploté, dochdzi postupné
k dehydrogenaci skupin -SiH3 (mezi 300 a 400°C) , =SiH, (400°C), =SiH (okolo

500°C)*. Nekteré prace hovoii také o pfitomnosti skupin Si-Fy a slou¢enin uhliku®® *'.

f
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prvnich minut expozice Cerstvé vyrobeného vzorku okolni atmosféfe, je kyslik. Po
né€kolika hodinach dochazi uz k ¢aste¢né oxidaci porézniho kiemiku spojené s tvorbou
skupin Si-O-Si a po nékolika dnech se tvofi i skupiny Ox-Si-H. Oxidaci urychluje
ptitomnost vody v pdérech porézniho kiemiku.

Pro zjiS§tovani slozeni povrchu porézni vrstvy se nejcastéji pouzivd metoda
infracervené spektroskopie. Z polohy vibraénich pasi lze identifikovat typ vazeb na
povrchu porézniho kifemiku, z intenzit Ize ptiblizné odhadnout zastoupeni funkénich
skupin. P#i méfeni infradervenych spekter (IC spekter) porézniho kiemiku lze méfit
bud’ zafeni proslé vzorkem, nebo zateni odrazené od porézni vrstvy.

V tab. 2.4 jsou uvedeny vlno&ty past funk&nich skupin, které je mozné nalézt v IC

spektru porézniho kiemiku po jeho pripravé a po skladovani*®*’. Ve spektru

24



funkcionalizovanych vzorkGi porézniho kiemiku se nachazi rovnéz pasy

charakteristickych vibraci funkénich skupin modifikatort.

Tab. 2.4 Pasy charakteristickych vibraci funkénich skupin na povrchu porézniho

kiemiku pozorovatelné po jeho pripravé a po skladovani.

pozice pasu pfifazeni vibrace pozice pasu piifazeni vibrace
(em™) (cm™)
3610 OH valen¢ni v SiOH 1463 CH; asym. deforma¢ni
3452 OH valen¢ni v H,O 1230 SiCHj; deformaéni
2958 CH valenéni v CH,4 1056-1160 Si0 valen¢ni v
2927 CH valenéni v CH, 0O-SiO a C-SiO
2856 CH valenéni v CH 979 SiH deformaéni v Si;H-SiH
2248 SiH valen¢ni v O3-SiH 948 SiH deformaéni v Si,H-SiH
2197 SiH valen¢ni v SiO,-SiH 906 SiH, deformadéni nizkova
2136 SiH valen¢ni v Si;O-SiH 856 SiH, deformacni ,,wagging*
2116 SiH valen¢ni v Si;H-SiH 827 SiO deformaéni v O-Si-O
2087 SiH valenc¢ni v Si;-SiH 661 SiH deformaéni ,,wagging®
1720 CcO 624 SiH deformacni v Si;SiH

2.2.8 Vybrané zpusoby funkcionalizace povrchu porézniho kiemiku

Funkcionalizaci povrchu porézniho kiemiku Ize ovliviiovat jeho optické vlastnosti
(luminiscenéni vinovou délku, intenzitu a stabilitu luminiscence), elektronické
(1zola¢ni vlastnosti) ¢i senzorové vlastnosti (napt. citlivost, selektivitu nebo opera¢ni
stabilitu)’®. Krom& chemické modifikace vyuzivajici vétsinou reakce skupin Si-H, lze

5
k 4,55

povrch porézniho kifemiku modifikovat fyzikalni adsorpci chemickych late , nebo

depozici tenkého filmu polymeru®®*’.

Oxidace

Oxidace mize byt provadéna terméln& v proudu kysliku®® (obr. 2.8). Porézni vrstva
je pak pokryta slabou vrstvou oxidu a je stabilni na vzduchu. Vysoce oxidovany
povrch porézniho kiemiku fotoluminiskuje v modré oblasti viditelné ¢asti spektra.

Oxidace se téz provadi za mirnéjSich podminek pti zachovani zakladnich vlastnosti
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porézniho kiemiku. NejCastéji se vyuzivaji chemicka ¢inidla jako je kyselina dusi¢na

. ’ 39
nebo peroxid vodiku™ .

H \ /
o o"'Sl\o
/. /\7 Oxidace /i i/

Obr. 2.8 Schématické znazornéni oxidace povrchu porézniho kiremiku.

Halogenace

Plisobenim halogent na povrch kiemiku dochazi k naruSovani Si-Si vazeb
a k vazbé halogenii na kiemik. Halogeny jsou reaktivngjsi nez kyslik, takze tyto reakce
mohou probihat za normélnich teplot. Proces halogenace je téZ selektivnéj$i nez
termalni oxidace, modifikuje pouze vrchni - vrstvicku kiemikovych atomd.
Halogenovany povrch kiemiku je dosti reaktivni a umoziuje dalsi aplikace — napf.
reakci s alkoholy vedouci k tvorbé alkoxidovych vazeb. Povrch s Si-Cl vazbami miize
reagovat také s Grignardovymi ¢i alkyllithiovymi ¢inidly. Vysledkem je v tomto

piipadé navazani alkylového zbytku na povrch kiemiku'?.

Funkcionalizace alkoxidovymi skupinami

reakci halogenovaného povrchu s alkoholem. Krystalicky a porézni kiemik®® muze byt
funkcionalizovan alkoxidovymi skupinami po termalni desorpci atomi vodiku ve
vakuu a nasledné depozici alkoholu na povrch kiemiku. Bylo téZ pozorovano, ze
omyvani porézniho kiemiku alkoholem tésné po jeho ptipravé vede ke vzniku malého
mnozstvi alkoxidovych vazeb na jeho povrchu, coz je pravdépodobné zplsobené

radikalovou reakci nebo defekty vzniklymi na povrchu béhem leptani.

Vazba uhliku na kiemik
Vazby Si-O nebo Si-Cl jsou pevnéj$i nez vazby Si-C. Z hlediska dlouhodobé
stability jsou ovSem vazby Si-C stabilngjsi, protoze nepodléhaji hydrolyze.

Z aplikacniho hlediska jsou reakce nahrady Si-H vazeb vazbami Si-C velmi vyznamné,

26



ponévadz lze modifikovat povrch kiemiku navazédnim organické slouceniny, ktera

vhodnym zplsobem méni jeho vlastnosti. Vzniku Si-C vazeb na povrchu porézniho

kiemiku lze dosdhnout né¢kolika zptisoby:

e Casto se vyuziva reakce nenasycenych slouenin s povrchem kiemiku zakon¢enym
Si-H vazbami - hydrosilylace. Hydrosilylaci 1ze indukovat termicky. Zde se vyuziva
toho, Ze Si-H vazby na povrchu kiemiku se za teploty vyssi nez 110°C homolyticky
§tépi na Sie a He °2. Na aktivovany povrch lze navazat napt. 1-dodecen aZ
1-oktadecen nebo i Cg. U alkinli je mozné, Ze dojde k reakci trojné vazby s dvéma
blizkymi atomy Si a vytvofi se uhlikovy mustek.

e Reakce nenasycenych sloucenin s povrchem porézniho kiemiku zakon¢enym Si-H
vazbami lze také dosdhnout fotochemicky ultrafialovym zafenim®. Ultrafialové

zateni zpusobuje homolytické $t€peni Si-H vazeb za laboratorni teploty. Schéma

\1V za'feii

-
|
R R=—p —Si—S—_ =

= R R R
Ve \ H
—§—

— S| —Si— — i

reakce je zndzornéno na obr. 2.9.

Obr. 2.9 Hydrosilylace povrchu porézniho kiemiku iniciované ultrafialovym zarenim.

e K hydrosilylaci dochazi také pii ozéafeni vzorku viditelnym svétlem®. Reakce viak
probiha jinym mechanismem neZ pfi ozafovani ultrafialovym zafenim. Mala energie
zateni nedovoluje homolytické §té€peni vazby Si-H, reakci iniciuje vznik excitonu
v nanokrystalu kiemiku.

e Reakce nenasycenych slougenin s hydrogenovanym povrchem porézniho kfemiku
1ze katalyzovat Lewisovou kyselinou (napf. EtAICl)".

e Vazba uhliku na kfemik mtZe vzniknout reakei s Grignardovymi &inidly® nebo
alkyllithiovymi slou¢eninami®® Reakce je zminéna vy3e pro halogenovany povrch
porézniho kifemiku, probiha vsak uspokojivé i s hydrogenovanym povrchem.

e Hydrogenovany povrch porézniho kiemiku lze funkcionalizovat elektrochemicky.

Kfemik je do systému zapojen jako pracovni elektroda, mize byt katodou i anodou,
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podle pozadovaného produktu. Jako alkylaéni ¢inidla je mozZné pouzit napf.

alkylbromidy, alkyljodidy®’ nebo alkiny®.

2.3 Vybrané latky pouzité pro funkcionalizaci povrchu

porézniho kifemiku

V této podkapitole jsou popsany dulezité charakteristiky nékterych latek pouzitych

pro funkcionalizaci povrchu porézniho kiemiku.
2.3.1 Metaloftalocyaniny

Ftalocyaniny patfi mezi tetrapyrrolové makrocykly schopné vazat ionty
ptechodnych kova. Splnuji Hiickelovo aromatické pravidlo. Diky aromatickému
charakteru konjugovaného elektronového systému maji vysokou stabilitu a s prvky
hlavnich skupin poskytuji barevné komplexy.

Ftalocyaniny s vazanym kovem nazyvame metaloftalocyaniny (obr. 2.10). Né&které
z metaloftalocyaninti vykazuji zajimavé oxida¢né-redukéni vlastnosti; vzhledem ke své
struktufe se mohou snadno redukovat. Komplexy kovi, které piesn¢ odpovidaji

velikosti dutiny ligandu, maji vysoké konstanty stability.

Obr. 2.10 Metaloftalocyanin.
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Ftalocyaniny a jejich komplexy naSly uplatnéni v mnohych oblastech lidské
¢innosti®®. Vyuzivaji se jako pigmenty a barviva, kapalné krystaly, ve fotovoltaickych
a solarnich systémech, ve fotokatalyze, pfi fotodynamické terapii 1é¢by rakoviny
avneposledni fadé také voblasti senzori. Do senzorovych systémi jsou
metaloftalocyaniny zatazovany pro schopnost molekulového rozpoznavani. Kov na
sebe selektivné koordinacni vazbou vaze dalsi ligand (sledovany analyt), ¢im dochazi
ke zméné jeho fyzikalnich vlastnosti. V literatufe je popsano napf. métfeni zmény

(71 72

3470 nebo optickych vlastnosti’',”%. Sledovanymi analyty v citovanych

vodivosti

pracich jsou alkoholy, ketony, aminy a NO,.

2.3.2 Polypyrrol

Polypyrrol se fadi do skupiny vodivych polymert. Vodivé polymery jsou intenzivné
studovany, protoze v sobé spojuji mechanické vlastnosti polymert a elektrické
vlastnosti kovill. V souvislosti s poréznim kifemikem se o nich hovofi diky jejich
schopnosti zvySovat stabilitu povrchu’ a vytvaret vodivy kontakt’, &ehoz se vyuziva
v mikroelektronice.

Polypyrrol lze pfipravit chemicky” nebo elektrochemicky anodickou oxidaci
z roztokl obsahujicich pyrrol rozpustény ve vhodném zakladnim elektrolytu’®. Protoze
oxidaéni potencial polypyrrolu je niZ$i nez oxidaéni potencial monomeru’’, polymer je
béhem polymerace oxidovan a do jeho struktury se pro zachovani podminky
elektroneutrality zabudovavaji aniony zékladniho elektrolytu. Na obr. 2.11 je

znazornén mechanismus elektrochemické polymerace pyrrolu’.

_e‘
<—> . @ Q X
N N N H
@
2H
WA 2 N
oK=L <5
N4 N

-e

I, e !
e
N N n N

Obr. 2.11. Schéma mechanismu elektrochemické polymerace pyrrolu.
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V prvnim kroku dochazi oxidaci monomeru pyrrolu na elektrodé ke vzniku
kationradikalu. Tento kationradikal muze reagovat s dal$im kation radikdlem nebo
s neutralni monomerni molekulou a nasledujici oxidaci se vytvoii neutralni dimer.
Z dimeru se opét vytvoii kationradikal a postupnym napojovanim dal§ich molekul
monomeru stejnymi pochody vznika polymerni fetézec polypyrrolu.

Monomerni heterocyklické jednotky se spolu spojuji nejcastéji v poloze a stfidavé
otoCené o 180° (obr. 2.12A), avSak v redlné struktufe polymerniho fetézce vznika
velké mnozstvi efektli zplsobenych oxidaci polymeru, vznikem protoni pfi reakci

a vlivem sterického branéni” . Nékteré defekty jsou znazornény na obr. 2.12B.

Vazba o-3  Hydrogenace

¢/H

W\ &

N\
W Karbonylova

N N skupina
OO o+
y N
VA T
Vazba kruht Hydroxylova
Vazba a-a Rotace kruht bez rotace RS skupina
0 180° R
AR
N In

Obr. 2.12. Struktura neutrilniho polypyrrolu; idealizovana struktura (A) a znazornéni

riznych defekti, které jsou ve struktuie polypyrrolu piitomny®.

2.3.3 Cyklodextriny

Cyklodextriny jsou cyklické oligosacharidy tvaru dutého komolého kuzele sloZzené
z rizného poétu D-glukopyranosovych jednotek spojenych vazbou a(1—4)*'. Kavita
ma hydrofobni charakter, protoZe vSechny -OH skupiny jsou umistény na vné&j$im
povrchu cyklodextrinu (obr. 2.13). Nejbézné&jsi jsou cyklodextriny vzniklé spojenim
Sesti  (a-cyklodextrin), sedmi  (B-cyklodextrin) a osmi  (y-cyklodextrin)

glukopyranosovych jednotek®.
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A B

a 0.49 nm 2 OHO
B 0.62 nm LD Wy
2 3
’0.38 nm| y 0.79nm 1 OH OH
OH %
0.79 nm OOH
0‘ HOQ ﬁ

Obr 2.13. Prostorové uspoiadani molekuly cyklodextrinu (A) a strukturni vzorece B-

|
CH,OH
6

cyklodextrinu (B).

Cyklodextriny se staly vyznamnymi latkami v supramolekularni chemii pro svou
schopnost véazat do kavity nepoldrni molekuly - tvofit tzv. ,,host-guest™ komplexy. Do
kavity pfesn¢ zapadnou svym tvarem a velikosti jen ur¢ité molekuly. Ostatni molekuly
nezapadnou do kavity zdaleka tak pfesné a ke komplexaci dochazi v men$i mife.
Velikost kavity urcuje, se kterymi latkami bude molekula cyklodextrinu pfednostné
inkluzni komplexy tvofit. a-Cyklodextrin nejlépe inkluduje alifatické fetézce, kavita
B-cyklodextrinu odpovida velikosti benzenového jadra a y-cyklodextrin tvofi inkluzni
komplexy s jesté vétsimi molekulami. Pfitom plati, Ze se molekula nemusi do kavity
vejit cela. Staci pokud pronikd do dutiny jen jeji ¢ast. Navic jestlize vy¢nivajici konec
obsahuje polarni funkéni skupiny v odpovidajici vzdalenosti (napt. -OH, -OCH3), tyto
skupiny interaguji s polarnimi skupinami na povrchu cyklodextrinu a mohou
komplexacni konstantu zvySovat. Konstanty stability komplexi se li§i mnohdy 1 pro
rizné polohové ¢&i optické isomery®. Nejb&znéji se vytvareji komplexy pomérného
zastoupeni hostitel:host 1:1 , ale jsou znamy také komplexy v pomérech 2:1, 1:2, 2:2
a jinych.

V dnesni dobé se cyklodextriny a jejich derivaty vyuzivaji v chromatografickych
metodach, jsou studovéany jako potencionalni katalyzatory, stabilizatory ¢i nosice 1éka.
K aplikaci receptorti na bazi cyklodextrinu v senzorové technice je nejcastéji vyuzivan
princip zhaSeni fotoluminiscence luminiskujicich latek v polarnim prostfedi. Pokud se
luminiskujici analyt ve vodném roztoku zachyti v nepolarni kavité cyklodextrinu, pak
jeho fotoluminiscence vzroste. Opaény princip spociva ve vytésnéni luminiskujici
latky z kavity do roztoku analytem, s nimz mé cyklodextrin vys$si konstantu stability.

V tomto ptipadé celkova intenzita fotoluminiscence systému klesa®
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3 Experimentalni Cast

Cilem této ¢asti je shrnout pouzité experimentalni metody a postupy. Konkrétni
aparatury pouzité pi méfeni vysledki jsou uvedeny v experimentdlni ¢asti

jednotlivych ¢lank?.
3.1 Vyroba porézniho kiemiku

Byla sestavena z nasledné uvedenych laboratorné vyrobenych komponent:

- Regulator otacek rota¢ni diskové elektrody

- Galvanostat

- Leptaci cela, jejiz schéma je znazornéno na obr. 3.1 a jeji fotografie na obr. 10.1

v ptiloze.

G

)»‘

1 - Pt rotacni elektroda
v teflonu (katoda)
- Vichni &ast cely (teflon)
- Spodni ¢dast cely - maska (teflon)
- P&s z nerezového plechu
- Nerezové dno
- 6krat matka (M6)
- 6krét podiozka (M6)
- 6krdit Sroub (M6 x 25)
- "O" krouzek (viton)
0 - Leptand Si desti¢ka

— 0 0O N O O D wN

Obr. 3.1. Schéma leptaci cely.

Anodou je kfemikova desticka vodivé spojena s nerezovym dnem. Katodou je
platinova rota¢ni diskova elektroda o priméru disku 6,5 mm. Elektroda se otaci

rychlosti cca 180 otacek/min, ¢imz je zajist€éno michani roztoku a odstranéni bublinek
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vodiku z povrchu kiemiku pfi leptani. Zménou masky a odpovidajiciho tésnéni lze
meénit velikost vzorku.

Desticky monokrystalického kiemiku byly leptany 30, nebo 60 minut v leptaci cele
pfi proudové hustoté 10 mA cm™. Elektrolytem byl roztok tvofeny z 50%-niho
vodného roztoku HF a ethanolu v poméru 1 : 2,5. VSechny vzorky byly po pfipravé

suSeny nejméné S h v evakuovaném exsikatoru a poté skladovany pod argonem.

3.2 Fotoluminiscen¢ni méreni

3.2.1 Méreniv plynné fazi

Celkové schéma aparatury pro méfeni senzorové odezvy porézniho kiemiku pro
analyty v plynné fazi je znidzornéno na obr. 3.2. Experimentalni uspofddani bylo

sestaveno ze tfi modula:

Membranova pumpa

Septzum Osciloskop
I - T ] ooo
L sss
H oao
ooo

PFivod N, _é» o o0 O
Kanal 1 Kanal 2
Trojcestny
ventil
Temperovana GPIB
nadoba

Porézni !(Femik
: DAQ
q Trojcestny
. 1 ventil Lock-in
LV Proudovy
o M(%'p“tgdcs)'a Svétlovod zesilovad
. Fotonasobi¢
- Pulzni
generator
Monochromator

Obr. 3.2. Senzorova aparatura pro soucasné méfeni intenzity a doby Zivota

fotoluminiscence.

1. Cast pro pfipravu nosného plynu s definovanou koncentraci alkoholu

Pii méfeni fotoluminiscen¢ni senzorové odezvy bylo pouzito davkovaci zafizeni

znazornéné v horni ¢asti obr. 3.2. V tomto uspofadani 1ze pomoci trojcestnych ventild
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nastavit bud’ rezim uzaviené cirkulace nosného plynu nebo reZzim promyvéani aparatury
¢istym nosnym plynem. V rezimu uzaviené cirkulace je do temperované nadoby
nastfiknut pies septum pfesny objem kapaliny, kterd se v systému vypafi, a ze
znamého objemu prostoru uzavieného okruhu a z nastfiknutého objemu kapaliny se

zjisti koncentrace par kapaliny v okruhu.

2. Mérné cela (optoda) laboratorné vyrobena z materidlu KELF a duralu (obr. 10.5

v pfiloze) ve které je umistén vzorek. Na vzorek dopada ptes kiemenné okénko

excitacni zafeni a pod uhlem ptiblizné 90° je svétlovodem sbirano zareni emitované.

3. Optické (luminiscenéni) ¢ast
- Zdroj zafeni: argonovy laser ILA 120 (Némecko) nebo UV LED RLT 370-10

Nichia (Japonsko)

- Monochromator: HT20, Jobin Yvon (Francie)

- Fotonasobi¢: Hammamatsu R636-'iO, nebo Hammamatsu R3698 (Japonsko)

- Proudovy zesilova¢ (Pfedzesilovaé): SR570, Stanford Research Systems (USA)

- Lock-In zesilova¢: SR830, Stanford Research Systems (USA)

- PferuSova¢ (Chopper): SR540, Stanford Research Systems (USA)

Tato ¢ast aparatury byla v pribéhu modernizovana. Pulzni buzeni zajistované
prichodem paprsku pres prerusovac bylo nahrazeno napdjenim excitatni LED
pomoci pulzniho generatoru EMG 1158/B (Mad’arsko).

- Hranovy filtr: GG11, Schott (Némecko)

- Svétlovod: Carl Zeiss (Némecko)

4. Osciloskop pro méfeni ¢asového pribéhu dohasinani fotoluminiscence Tektronix

TDS 3052B (USA)

Rizeni experimentu a sbér dat byl provadén pocitaem pomoci programového

prostfedi LabVIEW firmy National Instruments (USA).

Na popsané aparatuie byla provadéna tfi rozdilna méreni:
e meéfeni fotoluminiscenénich emisnich spekter
e méfeni Casového pribéhu intenzity fotoluminiscence pfi konstantni vinové délce

emitovaného zafeni
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e méfeni Casového pribéhu dohasinani fotoluminiscence (sou€asné s méfenim

¢asového prubehu intenzity fotoluminiscence)

V8echna méfeni byla provadéna v inertni atmosfére dusiku. Experimentélni
podminky méfeni senzorové odezvy prevazné vétSiny experimentd jsou uvedeny v tab.

3.1.

Tab. 3.1 Experimentalni podminky méreni fotoluminiscencnich spekter a

fotoluminiscencni senzorové odezvy porézniho kiemiku.

vinova délka excitace argonového laseru 457,9 nm
vlnova délka excitace UV LED 375 nm

Sifka vstupni §térbiny monochromatoru 2 mm

Sirka vystupni $térbiny monochromatoru 2 mm

1250 V (R363-10),

napéti na fotonasobici
1000 V (R3698)

Casova konstanta predzesilovace 300 ms

Rozsah Lock-In zesilovae a osciloskopu byl nastaven podle intenzity
fotoluminiscence vzorku. Emisni fotoluminiscenéni spektra byla méfena v rozsahu 500
nm az 900 nm s krokem 5 nm.

Vinova délka sledovaného emitovaného zafeni byla nastavena na oblast okolo
maxima fotoluminiscence daného vzorku (zpravidla kolem 700 nm). Pokud byla
souasné s meéfenim intenzity fotoluminiscence méfena také Casova zavislost
dohasinani fotoluminiscence, vlnova délka byla stanovena pro vSechny sledované
vzorky jednotné, aby bylo mozné srovnavat zméfenou dobu dohasinani (pro kratsi

vlnovou délkou emitovaného zateni se dohasinani fotoluminiscence zrychluje).

3.2.2 Méreniv kapalné fazi

Pro méfeni senzorové odezvy anylytl v kapalné fazi byla pouzita fotoluminiscenéni
aparatura, jejiz schéma je na obr. 3.3. Oproti aparatufe pro méfeni v plynné fazi se liSi
v podstaté pouze v tom, Ze optoda byla vyménéna za fotoluminiscencni sondu. Zateni
ze zdroje (argonovy laser nebo UV LED) bylo sméfovano do jednoho vldkna

dvouramenného svétlovodu (luminiscenéni sonda). Optické vlakno privadélo budici
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zateni na vzorek porézniho kifemiku upevnény v nerezové detekéni cele (obr. 10.6
v ptiloze). Detekéni cela byla v pribéhu méfeni ponofena v kadince s n-hexanem, do
kterého bylo postupné piidavano definované mnozstvi analytu. Rychlé rozpousténi
analytu zajiStovalo magnetické michadlo. Emitované zafeni bylo sbirdno druhym
ramenem svétlovodného vldkna, pfivadéno do monochromatoru a detekovano

fotonasobiem.

Pulzni
generator

LED (375 nm)

Fotoluminiscendni

Proudovy
zesilovad

Monochromator

Obr. 3.3 Schéma aparatury pro méreni senzorové odezvy analyti v kapalné fazi.

3.3 Pouzité metody funkcionalizace povrchu porézniho

kremiku

V této praci bylo pouzito nékolik zplsobl funkcionalizace povrchu porézniho
kfemiku:

o fyzikalni adsorpce

e clektrodepozice polymerniho filmu

e oxidace

e hydrosilylace

Pro srovnani senzorovych vlastnosti porézniho kiemiku s povrchem
funkcionalizovanym riznymi organickymi latkami byl vzorek zpravidla rozdélen na
potfebny pocet Casti tak, aby jedna ¢ast mohla byt pouZita jako nemodifikovany

referentni vzorek.
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3.3.1 Fyzikalni adsorpce ftalocyaninu kobaltnatého

V kadince 25 ml byl vytvofen nasyceny roztok ftalocyaninu kobaltnatého
v dichlormethanu. Rozpustnost byla zvySena rozetfenim ftalocyaninu a mirnym
zahfanim roztoku. Vzorek porézniho kiemiku byl do tohoto roztoku ponotfen po dobu
40 h pfi zamezeni piistupu svétla. Po vyjmuti byl vzorek suSen 30 min proudem

argonu a skladovan v argonové atmosfére.

3.3.2 Elektrodepozice polypyrrolu na povrch poréznio kiremiku

K elektropolymeraci polypyrrolu na povrch porézniho kiemiku byl vyuZita metoda
cyklické voltametrie. Za timto uUcelem bylo zkonstruovano zatizeni skladajici se
z polarografického analyzatoru PA 2 (Laboratorni pfistroje, Praha) doplnéném
o adaptér pro cyklickou voltametrii (Ustav analytické chemie VSCHT, Praha)
ptipojeny k XY-zapisova¢i BAK 5T (Aritma, Praha). Depozice polypyrrolu byla
provadéna v cele znazornéné na obr. 3.1. Zafizeni pracovalo v tfielektrodovém
zapojeni s pomocnou elektrodou tvofenou platinovym pliskem, referentni nasycenou
argentchloridovou elektrodou a s pracovni elektrodou z porézniho kiemiku.

Jako =zékladni elektrolyt byl pouzit 0,05 M chloristan tetrabutylamonny
v acetonitrilu. Koncentrace monomeru byla 0,1 M. Roztok byl pted polymeraci 30
minut probublavan dusikem a vnitfek cely byl po dobu polymerace udrZzovan pod
ochranou atmosférou dusiku. Polymerace probihala cyklovanim potencialu v rozmezi
od 0,2 V do 1,2 V pii rychlosti zmény potencidlu 100 mV/s po dobu 30 minut.

Po vyjmuti byl vzorek s deponovanym polymerem oplachnut ethanolem a suSen

proudem argonu po dobu 30 min a dosusovan 12 hodin v evakuovaném exsikétoru.

3.3.3 Oxidace

Oxidace byla provadéna ponofenim vzorku na 60 min do 30% peroxidu vodiku.
Poté byl vzorek oplachnut destilovanou vodou a ethanolem, 30 min su$en proudem

vzduchu a nasledné nejméné 12 h dosusovan v evakuovaném exsikatoru.
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3.3.4 Hydrosilylace porézniho kiemiku slou¢eninami s dvojnou

vazbou

Hydrosilylace byla indukovana fotochemicky v kiemenné kyveté za ozafovani
rtufovou vybojkou RVC 250W (TESLAMP Holesovice, CR) v kombinaci
s interferenénim filtrem 365 nm (Schott, Némecko). Aparatura pro fotochemickou
modifikaci je ukdzana na obr. 10.4 v ptiloze.

Pii reakci byl vzorek ponofen do kyvety sroztokem hydrosilylaéniho ¢inidla
a ozarovan po celou dobu reakce. SloZeni reakénich smési a doby reakci jsou uvedeny
v pfislusnych publikacich. Po reakci byl vzorek dikladné oplachnut rozpoustédlem, ve
kterém byla reakce provadéna a susen nejméné¢ 2 h vevakuovaném exsikatoru.
Hydrosilylaci byl na povrch porézniho kiemiku navdzan methyl-10-undecenoat

a derivaty B-cyklodextrinu

3.4 Urceni chemického slozeni povrchu porézniho kiemiku

infracervenou spektroskopii

Pomoci infracervené spektroskopie byly sledovany zmény probihajici na povrchu
porézniho kiemiku béhem funkcionalizace a méfeni senzorové odezvy. Pro méfeni byl
pouzit infracerveny spektrometr s Fourierovou transformaci (FTIR) Magna-IR 760
(NICOLET, USA). Data byla sbirana programem OMNIC od téze firmy a ptevedena
do programu Origin (Microcal Software, USA). Méfeni spekter bylo provadéno
v transmisnim uspofadani (pozadim méfeni byl vzduch). Plocha vzorku byla vymezena
kovovou kruhovou maskou o priméru 0,8 cm. Méfeni IC spekter vzorka porézniho
kfemiku byla provadéna pii téchto parametrech FTIR spektrometru — pocet akumulaci
128, spektralni rozliseni 8 cm™ a spektralni rozsah 400 az 4000 cm™.

Mgieni IC spekter derivat p-cyklodextrinu bylo provadéno metodou difusniho
odrazu. Méfena latka byla smichana s KBr v poméru pfiblizné 1:100. Pro méteni byly
zvoleny tyto parametry - pocet akumulaci 64, spektralni rozliseni 4 cm™ a spektralni

rozsah 400 az 4000 cm™.
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Abstract

Photoluminescence response of porous silicon in presence of single organic analytes scales within the linear dynamic range with
concentration of detected species. We present systematic study of changes in porous silicon photoluminescence intensity in the presence
of precisely controlled amounts of linear aliphatic alcohols (from methanol to n-hexanol) in gas and liquid phases. From the concentration
dependence of photoluminescence quenching we determined sensitivity of porous silicon sensor response. The sensor response sensitivity
revealed nearly monotonous change within the homological set of n-alcohols in both gas and liquid phases. However, while in gas phase
the sensitivity of sensor response rose with the length of alcohol chain, in liquid phase we observed the opposite behavior. The mechanism
of sensor response in gas and liquid phases is explained by photoluminescence dielectric quenching. The strength of photoluminescence
quenching is directly determined by dielectric constant and concentration of analyte in liquid phase whereas in gas phase it primarily
depends on effective concentration of analyte inside porous silicon matrix. The thermodynamic equilibrium concentration of analyte inside
porous silicon matrix is controlled by capillary condensation effect. A very good correlation between gas phase concentration and room

temperature saturated vapor pressure of studied analytes and porous silicon photoluminescence quenching response was obtained.

© 2004 Elsevier B.V. All rights reserved.

Keywords: Porous silicon; Photoluminescence quenching; Optical sensor

1. Introduction

In 1990, it was observed that electrochemically etched
silicon—porous silicon—after irradiation with the ultravi-
olet light emits efficient room temperature photolumines-
cence in visible region [1]. This discovery has stimulated an
extensive number of studies aimed at understanding the fun-
damental mechanism of porous silicon luminescence. Quan-
tum confinement mechanism of visible photoluminescence
from nanosized silicon particles or wires is most consistent
with the observed photoluminescence data [2]. Electronic
states at the surface are of dramatic importance as well since
a substantial fraction of silicon atoms in porous silicon re-
stde at or near the surface [3]. Hydrogen-terminated porous
silicon surface has a great reactivity that can be utilized for
realization of sensors for chemical species [4,5]. Several re-
ports have proved that gases or liquids can reversibly quench
visible photoluminescence from porous silicon [6-9]. In this
work we report on photoluminescence quenching response

* Corresponding author. Tel.: +420-2-2191-1268;
fax: +420-2-2191-1249.
E-mail address: dian@karlov.mff.cuni.cz (J. Dian).

0925-4005/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
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from as-prepared porous silicon sensors in gas and liquid
phases. We measured concentration dependence of pho-
toluminescence quenching for a homological set of linear
alcohols from methanol to hexanol and observed qualita-
tively different behavior in gas and liquid phases. The pho-
toluminescence quenching in liquid phase is explained by
the dielectric quenching mechanism; in gas phase the deci-
sive role play capillary condensation effect and equilibrium
concentration of analyte inside porous silicon matrix.

2. Experimental section

Porous silicon samples were prepared by anodic oxida-
tion of crystalline Si substrate ({1 00) orientation, p-type,
boron doped, ~10 2 cm) in an HF(50%):ethanol mixture
(1:2.5). The counter-electrode was a platinum rotation elec-
trode and the back of the Si wafer was connected with the
aluminum strip. Current densities and anodization time were
10 mA cm™2 and 30 min, respectively. Porosity of the porous
silicon layers was about 80% and thickness was within
the range 10-12 pm (as determined by gravimetric method
[10]). After etching the samples were rinsed with ethanol and
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dried in vacuum. Chemical composition of porous silicon
surface was controlled by infrared spectroscopy; transmis-
sion spectra were collected by a Fourier transform Nicolet
Magna 380 spectrometer. For photoluminescence quenching
measurement we used samples aged for two weeks in the
open air.

All measurements of photoluminescence quenching re-
sponse in gas and liquid phases were performed in an
adapted photoluminescence set-up [11]. Measurements of
sensor response in gas phase were done with a porous sil-
icon sample placed in a home-built bulk optode operating
with nitrogen as a carrier gas. Measurements of concen-
tration dependence of sensor response were performed by
introducing controlled amounts of analyte in nitrogen into
the system. After stabilization of photoluminescence inten-
sity analytes were subsequently blown off by purging the
system with pure nitrogen. Photoluminescence was excited
by the 457.9-nm line of a cw Art-laser (30 wW cm™2), col-
lected in a perpendicular direction by means of a glass fiber
connected to an emission monochromator, detected by a
photomultiplier and processed with a lock-in amplifier. For
measurements of sensor response in liquid phase a porous
silicon sample was fixed in another bulk optode mounted on
a tip of a luminescence fiber probe. A laser beam was cou-
pled into one branch of the fiber probe, the second branch
collected photoluminescence from porous silicon. Measure-
ments of concentration dependence of photoluminescence
quenching response of linear alcohols in liquid phase were
performed in n-hexane solution. Precise amounts of liquid
alcohol were subsequently added to the exact volume of
n-hexane (due to the large consumption of n-hexane we
performed measurements in “integral mode”) and photolu-
minescence response of porous silicon was measured.

3. Results and discussion

Photoluminescence from porous silicon is quenched in
the presence of chemical species. The magnitude of photo-
luminescence quenching was recorded by measurements of
photoluminescence intensity in time when various amounts
of analyte were introduced into and subsequently blown off
the system. A typical picture of time evolution of photo-
luminescence intensity from porous silicon sensor in gas
phase measurement for n-hexanol is in Fig. 1a. We can see a
sharp decrease of photoluminescence intensity after analyte
introduction and the baseline stabilization after few min-
utes. For lower concentrations the time constant was within
the interval of 10-15s (see the inset of Fig. 1a). When we
blew out alcohol vapors from the system with pure nitro-
gen, the photoluminescence returned relatively slowly to
the initial intensity level. We observed reversible photolu-
minescence quenching behavior for analyte concentrations
up to SOmg 1.

In order to perform measurements of the photolumi-
nescence quenching response in liquid phase we need
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Fig. 1. (a) Time evolution of photoluminescence intensity of porous

silicon sensor for various concentrations of n-hexanol in pure nitrogen.
The inset shows in detail the time scan of sensor photoluminescence
response for n-hexanol concentration ¢ = 1.28 mg1~". (b) Time evolution
of photoluminescence intensity for various concentration of methanol
in liquid n-hexane. The inset shows in detail the time scan of sensor
photoluminescence response for methanol concentration ¢ = 0.8 mgml~!.

chemically inert and sufficiently nonvolatile solvent with
low photoluminescence quenching strength. We choose pure
n-hexane; immersion of optode into n-hexane quenched
photoluminescence from porous silicon by ~30% of the
original intensity level. In Fig. 1b there is an example of
photoluminescence sensor response when various amounts
of liquid methanol were added to n-hexane solution. Time
constant of sensor response was about 10s for lower con-
centration, for higher concentrations gradually rose.

The magnitude of fast photoluminescence quenching
scales with alcohol concentration inside porous silicon ma-
trix. In order to quantify the strength of photoluminescence
quenching, we define the sensor response as a relative de-
crease of photoluminescence intensity, i.e. change of pho-
toluminescence intensity related to the baseline intensity.
Plots of photoluminescence sensor response as a function
of concentration—calibration curves—for the whole set of
studied alcohols in gas phase measurements are shown in
Fig. 2a, in liquid phase measurements in Fig. 2b. From
these calibration curves we evaluated sensitivity of sensor
response for detected analytes. Sensor sensitivity is defined
as a slope of the linear part of the calibration curve. From
Fig. 2 it follows that there is a remarkable difference in
photoluminescence quenching response in gas and liquid
phases. While sensitivity of porous silicon sensor in gas
phase measurements rose nearly monotonically with the
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Fig. 2. Photoluminescence quenching response as a function of analyte
concentration for a homological set of linear alcohols in (a) gas phase
and (b) hiquid phase.

length of alcohol molecule, in liquid phase we observed
opposite behavior.

Photoluminescence quenching of porous silicon in lig-
uid phase is usually explained by dielectric quenching
mechanism [12]. Probability of radiative recombination of
excitons in porous silicon depends on the effective dielec-
tric constant inside porous silicon matrix. With increasing
effective dielectric constant the Coulombic force between
electron and hole as well as their recombination probability
are lowered. Sensor response sensitivities of studied alco-
hols in liquid phase as a function of dielectric constant are
presented in Fig. 3. We can see a very good correlation

Sensitivity [ml/mg]

0 1 " 1 L I N 1
20 40 60 80

Dielectric constant

Fig. 3. Porous silicon sensor sensitivity in liquid phase for the studied
homological set of linear alcohols and water as a function of dielectric
constant.
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Fig. 4. Porous silicon sensor sensitivity in gas phase for the studied
homological set of linear alcohols as a function of vapor pressure at 298 K.

between the strength of photoluminescence quenching and
dielectric constant of alcohols. In order to check the validity
of the dielectric quenching mechanism with other chemical
species, we measured concentration dependence of sensor
response for water as well. As it follows from Fig. 3, within
this extended set of analytes we have excellent confirmation
of dielectric quenching mechanism.

From the explanation of photoluminescence quenching
behavior in liquid phase it is evident that we cannot explain
behavior of sensor response in gas phase in Fig. 2a by dielec-
tric quenching mechanism only. Is there another mechanism
responsible for the observed behavior? It is well known that
during interaction of gases with porous media specific phe-
nomena take place. In porous silicon a broad distribution
of pores with diameters of the order of 1-100 nm is present
[13]. Alcohol vapors in gas phase interact with porous
matrix and their concentration inside matrix is determined
primarily by capillary condensation effect [14]. The real
concentration of alcohol inside porous matrix is therefore
different from the nominal concentration in gas phase. In the
first approximation we can estimate the magnitude of equi-
librium concentration of analyte in porous matrix by means
of gas phase concentration and analyte vapor pressure. We
assume that the analyte concentration in pores at given gas
phase concentration is the higher the lower is the saturated
vapor pressure. If we want to compare sensor response sen-
sitivities of different analytes we have to relate them to sat-
urated vapor pressure. Values of sensor response sensitivity
as a function of reciprocal value of saturated vapor pressure
at 298 K [15] are depicted in Fig. 4. We can see that this
approximation works very well—even if we do not take into
account the dielectric effects—and explains why is the sen-
sor sensitivity for hexanol much higher than for methanol.

4. Conclusion
We have measured photoluminescence quenching re-

sponse of porous silicon sensor for homological set of
linear alcohols in gas and liquid phases. For concentrations
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within the linear dynamic range the time constant of pho-
toluminescence response was of the order of 10s. From the
concentration dependence of photoluminescence quench-
ing we have evaluated the sensitivity of sensor response
and observed different behavior in gas and liquid phases.
We confirmed that the mechanism responsible for porous
silicon photoluminescence variations in liquid phase is the
exciton dielectric quenching. Sensor response of porous
silicon in gas phase is primarily determined by equilibrium
concentration inside porous matrix and a very good corre-
lation between quenching sensitivity and saturated vapor
pressure of detected analyte was observed.
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We present a systematic study of porous silicon photoluminescence quenching in the presence of pre-
cisely controlled amounts of linear aliphatic alcohols (from methanol to hexanol) in gas and liquid phases.
From the concentration dependence of photoluminescence quenching response we determined sensitivity
of porous silicon sensor for studied analytes. The sensor sensitivity revealed nearly monotonous change
with the length of alcohol molecule within the homological set of alcohols in both gas and liquid phases.
However, while in gas phase the sensor sensitivity rose with the length of alcohol chain, in liquid phase
we observed the opposite behaviour. Photoluminescence quenching behaviour in liquid phase is very well
explained by exciton dielectric quenching mechanism. In gas phase photoluminescence quenching de-
pends both on analyte dielectric constant and analyte equilibrium concentration inside porous matrix
which is controlled by capillary condensation effect.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Porous silicon (PS) exhibits unique physical and chemical properties as compared to crystalline silicon
due to quantum confinement effect; one of the most remarkable is efficient visible photoluminescence
(PL). PL from PS is strongly affected by enormous surface of the porous matrix what represents a prin-
cipal advantage for construction of various sensors of chemical species. Basic properties of sensors based
on PL quenching were established both in gas and liquid phases [1]. Principal mechanism behind re-
versible PL quenching of PS in presence of chemical species in liquid phase are energy and electron
transfer to adsorbed molecules [2-5], and exciton dielectric quenching [6]. The aim of this work is to
clarify details of PL quenching mechanism using quantitative data concerning PL quenching response in
gas and liquid phases at controlled concentrations of analytes.

2 Experimental

Porous silicon samples were prepared by anodic oxidation of crystalline Si substrate (<100> orientation,
p-type, boron doped, ~10 Q2cm) in a HF(50%):ethanol mixture (1:2.5). Current densities and anodization
time were 10 mA cm” and 30 minutes, respectively. Porosity of the porous silicon layers was about 80%.

* Corresponding author: e-mail: dian@karlov.mff.cuni.cz, Phone: +420 221 911 268, Fax: +420 221 911 249
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After etching the samples were rinsed with ethanol and dried in vacuum. Chemical composition of po-
rous silicon surface was controlled by infrared spectroscopy. Morphology of samples was determined
with a Philips XC 30 CP scanning electron microscope with EDAX analyser. For measurement of sensor
response we used samples aged for two weeks in the open air. All measurements of photoluminescence
quenching response in gas and liquid phases were performed in an adapted photoluminescence setup.
Photoluminescence was excited by the 457.9 nm line of a cw Ar'-laser (P < 30 pW cm™), collected in a
perpendicular direction by means of a glass fiber connected to an emission monochromator, detected by
a photomultiplier and processed with a lock-in amplifier. For measurements in gas phase a porous silicon
sample was placed in a home-built bulk optode operating with nitrogen as a carrier gas. Measurements of
concentration dependence of sensor response were performed by introducing controlled amounts of ana-
lyte in nitrogen into the system. After stabilization of photoluminescence intensity analytes were subse-
quently blown off by purging the system with pure nitrogen. Liquid phase measurements of sensor re-
sponse to linear alcohols phase were performed in n-hexane solution. Porous silicon sample was fixed in
another bulk optode mounted on a tip of a luminescence fiber probe. Due to the large amount of n-
hexane needed for “purging off” the measured analyte we performed measurements in integral mode.
Precise amounts of liquid alcohol were subsequently added to the exact volume of stirred n-hexane.
After measurement of each analyte sample was several times immersed in pure n-hexane till the original
PL level was restored.

3 Results and discussion

For measurements of PL quenching response we used as prepared PS samples. Morphology of a typical
sample is shown in Fig. 1 where we can see macropores of about 2-3 um in diameter.

Dt WD
TE S4 PIC4ICI0naki

Fig. 1 Scanning electron micrographs of porous silicon sample with details of pore morphology - (a) top view, (b)
cross-sectional view.

Photoluminescence from PS is quenched in the presence of chemical species. The magnitude of PL
quenching was recorded by measurements of photoluminescence intensity in time when various amounts
of analyte were introduced into and subsequently removed from the system. A typical picture of time
evolution of photoluminescence intensity from porous silicon sensor in gas phase measurement for n-
hexanol is in Fig. 2a. We can see a sharp decrease of photoluminescence intensity after analyte introduc-
tion and the baseline stabilization after few minutes. After removal of alcohol vapours from the system
by purging with pure nitrogen, the photoluminescence returned within 10 to 20 minutes to the initial
intensity level. We observed reversible photoluminescence quenching behaviour for analyte concentra-
tions up to 50 mg/l. In order to perform measurements of the photoluminescence quenching response in
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liquid phase we need chemically inert and sufficiently non-volatile solvent with low photoluminescence
quenching strength. We choose pure n-hexane; immersion of optode into n-hexane quenched PL from PS
by ~30% of the original intensity level. In Fig. 2b there is an example of photoluminescence sensor re-
sponse when various amounts of liquid methanol were added to n-hexane solution.
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Fig. 2 (a) Time evolution of photoluminescence intensity of porous silicon sensor for various concentrations of n-
hexanol in pure nitrogen. (b) Time evolution of photoluminescence intensity for various concentration of methanol
in liquid n-hexane.

The magnitude of PL quenching depends on alcohol concentration inside porous silicon matrix. In order
to quantify the strength of PL quenching, we define the sensor response as a relative decrease of PL
intensity, i.e. change of PL intensity related to the baseline intensity. Plots of photoluminescence sensor
response as a function of concentration — calibration curves - for the whole set of studied alcohols in gas
phase measurements are shown in Fig. 3a, in liquid phase measurements in Fig. 3b.
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Fig. 3 Concentration dependence of photoluminescence quenching response of porous silicon for a set of linear
alcohols in: (a) liquid phase, (b) gas phase.
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From these calibration curves we evaluated sensitivity of sensor response for detected analytes. Sensor
sensitivity is defined as a slope of the linear part of the calibration curve. From Fig. 3 follows that there
is a remarkable difference in photoluminescence quenching response in gas and liquid phases. While
sensitivity of porous silicon sensor in gas phase measurements rose nearly monotonically with the length
of alcohol molecule, in liquid phase we observed opposite behaviour.
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Fig. 4 (a) Dependence of sensitivity of PS sensor on analyte dielectric constant in liquid phase measurements. (b)

Dependence of sensitivity of PS sensor on ratio of analyte dielectric constant and saturated vapour pressure in gas
phase measurements.

Table 1 Dielectric constant, vapour pressure at 25°C and dipole moment of detected analytes.

Analyte Dielectric constant ~ Vapour pressure Dipole moment
(kPa] (D]

water 80.2 3.17 1.861

Methanol 33 16.9 1.7

Ethanol 253 7.87 1.684

1-propanol 20.8 2.76 1.55

1-butanol 17.84 0.86 1.56

1-pentanol 15.13 0.259 1.7

1-hexanol 13.03 0.11 1.64

Photoluminescence quenching of porous silicon in liquid phase is usually explained by energy transfer
(3] and charge transfer mechanisms [7] and adsorption induced Fermi level shift accompanied with in-
crease of conductivity [5]. In our work we studied a set of analytes that are of the same chemical nature
and different in physical parameters due to increasing length of carbon chain (see Table 1). Correlation
of quenching strength with analyte dipole moment assumes an increase of nonradiative recombination of
exciton due to attraction of electrons and holes to surface traps [1]. It follows from the monotonous be-
haviour of PL quenching strength within the homological set of analytes in liquid phase that non-
monotonous variation of the dipole moment cannot explain observed PL quenching behaviour. Fellah et
al. [6] explained PL quenching of PS in presence of organic species in liquid phase by a decrease radia-
tive recombination of exciton by a dielectric screening. With increasing effective dielectric constant the
Coulombic force between electron and hole as well as their recombination probability are lowered. Sen-
sor response sensitivities of studied alcohols in liquid phase as a function of dielectric constant are pre-
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sented in Fig. 4. We can see a very good correlation between the strength of photoluminescence quench-
ing and dielectric constant of alcohols. As water has a very large dielectric constant and can be treated as
a zero-th member of our homological set, we measured the concentration dependence of sensor response
for water as well. From the Fig. 4 follows an excellent confirmation of exciton dielectric quenching
mechanism within the extended homological set of linear alcohols.

From the explanation of PL quenching behaviour in liquid phase it is evident that we cannot explain
behaviour of sensor response in gas phase in Fig. 3a by exciton dielectric quenching mechanism only. In
porous silicon a broad distribution of pores with diameters of the order of 1 nm - 1 um is present [8]. It
is well known that during reversible interaction of gases with porous silicon capillary condensation effect
takes place [9, 10]. Due to this effect the real concentration of alcohol inside porous matrix is higher than
the nominal concentration in gas phase. In the first approximation we can estimate the magnitude of
equilibrium concentration of analyte in porous matrix by means of gas phase concentration and analyte
vapour pressure — the analyte concentration in pores at given gas phase concentration increases with
decreasing saturated vapour pressure. In order to correlate PS sensor sensitivities with equilibrium con-
centration and dielectric quenching strength we plotted them in Fig. 4 as a function of dielectric constant
divided by saturated vapour pressure [11]. It follows that the observed behaviour of PS quenching sensi-
tivity within the homological set C-C, of linear alcohols in gas phase can be explained very well by
simultaneous action of exciton dielectric quenching and capillary condensation mechanisms.

4 Conclusion

We have observed different behaviour of PL quenching response of PS sensor for homological set of
linear alcohols in gas and liquid phases. In liquid phase the sensitivity monotonically decreases with the
length of alcohol chain. Except for methanol, we observed the opposite behaviour in gas phase. These
differences were explained by different contribution of exciton dielectric quenching and capillary con-
densation effects. From observed correlations of quenching sensitivity with dielectric constant and satu-
rated vapour pressure in gas and liquid phases follows:

- PL quenching response of PS in liquid phase is controlled by dielectric strength of analyte.

- PL quenching response of PS in gas phase depends on both dielectric strength of detected analyte and
equilibrium concentration of analyte inside porous matrix.
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Abstract

Photoluminescence quenching of porous silicon in presence of various analytes is used for sensing purposes. Sensor elements based
on unmodified porous silicon exhibit high sensitivity in gas phase detection but relatively low operational stability. Stabilization of
porous silicon surface with organic molecules enables to enhance operational stability and optimize sensor response for specific
analytes. We modified porous silicon surface using cobalt phthalocyanine by means of physical adsorption in the porous matrix. We
observed modified photoluminescence quenching response from these porous silicon samples impregnated with cobalt phthalocyanine.
From concentration dependence of photoluminescence quenching in presence of linear alcohols in gas phase we determined sensitivity
of sensor response, from long-term evolution of porous silicon photoluminescence intensity we evaluated operational stability of sensor
elements. Link between chemical properties of phthalocyanine molecules and variation of sensor response of impregnated porous silicon

is discussed.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Porous silicon; Cobat phthalocyanine:; Photoluminescence: Sensor

1. Introduction

Porous silicon (PS) exhibits unusual physical properties
as compared to crystalline silicon due to quantum confine-
ment effect. The discovery of intensc visible photolumines-
cence (PL) at room temperature of PS in 1990 [I] has
stimulated an extensive number of studies aimed at under-
standing the light emission from silicon based materials.
Quantum confinement mechanism of visible PL from nano-
sized silicon particles or wires is most consistent with the
observed data [2]. Electronic states at the surface are of
dramatic importance as well, since a substantial fraction of
silicon atoms in porous silicon reside at or near the surface
[3,4]. PL from PS is strongly affected by enormous surface
of the porous matrix what represents a principal advantage
for construction of various sensors of chemical species.

* Corresponding author. Tel.: +420 2 2191 1268: fax: +420 2 2191 1249,
E-mail address: dian@karlov.mff.cuni.cz (J. Dian).

0928-4931:3 - see front matter © 2005 Elsevier B.V. All rights reserved.
dot:10.1016/).msec.2005.06.046

Several reports have proved that gases or liquids can
reversibly quench visible photoluminescence from porous
silicon [5--8]. Practical applicability of PS bascd sensors is
restricted by their insufficient stability and low selectivity of
the PL quenching response. Several attempts to stabilize PS
surface against oxidation through the substitution or surface
layer protection of highly reactive Si- H bonds have been
made [9.10]. Likewise, binding of the compounds with
structural recognizing properties was found to enhance the
selectivity of PS sensor response [11]. So far, suitable “all
purpose” surface modification procedure improving both
stability of PS surface and its selectivity and sensitivity
towards structurally different analytes has not been found.
Phthalocyanine (Fig. 1) posses favorable physical and
chemical properties and is increasingly utilized in semi-
conductor research and technology for its excellent chemical
and photochemical stability, catalytic and photosensitizing
activity, ability to form complexes with wide range of
inorganic and organic species and ability to form self-
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assembling monolayers on the surface of semiconductors
[12].

In this work we report on photoluminescence quenching
response from unmodified and cobalt phthalocyanine im-
pregnated porous silicon films. Special aim is devoted to the
comparison of stability and sensing response differences
toward the homological set of linear n-alcohols (C,-Cg) in
gas phase.

2. Experimental

Porous silicon samples were prepared by anodic etching of
crystalline Si substrate ((100) orientation, p-type, boron
doped, ~10 2 cm) in a HF(50%):ethanol mixture (1:2.5) at
current density 10 mA cm™? for 30 min. The counter-
electrode was a platinum rotation electrode and the back of
the Si wafer was connected to stainless steel counter-
electrode with the aluminum strip. Porosity of the porous
stlicon layers was about 80% and thickness was within the
range 5—6 um (as determined by gravimetric method [13]).
After etching the samples were repeatedly rinsed with ethanol
and dried in evacuated desiccator for 24 h. Dried PS samples
were immersed in saturated solution of Co"P¢ in dichloro-
methane. In order to ensure maximum saturation of porous
silicon layer and prevent its oxidation the wetting procedure
was held for 40 h in the dark. After removal from the solution
the PS samples were dried under the gentle stream of argon
for 30 min and stored in evacuated desiccator.

All measurements of photoluminescence quenching
response in gas phase were performed in an adapted photo-
luminescence setup | [1]. Porous silicon sample was placed in
a home made bulk optode as a part of closed flow-injection
system operating with nitrogen as a carrier gas. Measure-
ments of concentration dependence of sensor response were
performed by introducing controlled amounts of liquid
analyte into the stream of carrier gas. PS photoluminescence
was excited by a 370 nm UV LED (~ 1 mW cm™ %), collected
in a perpendicular direction by means of a glass fiber
connected to an emission monochromator, detected by a
photomultiplier and processed with a lock-in amplifier.
Photoluminescence intensity of Co"Pc under UV LED

Fig. 1. Structure of cobalt phthalocyanine molecule used for impregnation
of porous silicon surface.
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Fig. 2. Time evolution of photoluminescence in presence of various
concentrations of 1-propanol in gas phase for (a) unmeodificd porous silicon,
(b) Co"Pc impregnated porous silicon.

illumination was at lcast two orders of magnitude lower than
intensity of as prepared PS.

3. Results

To clucidate the effect of impregnation of PS surface
with cobalt phthalocyanine (Co''Pc) we performed measure-
ments of PL quenching response at 710 nm near PL
maximum for defined analyte concentrations of C;-Cq

Table 1

Kinetics of sensor response expressed by means of 145 values during
detection of methanol and 1-hexanol for unmodified and cobalt phthalo-
cyanine modified porous silicon

Analyte ¢ (ug/ml) To5 (Min)
PL quenching PL recovery
PS PS-Co'lPc  PS PS-Co''Pc
Methanol 2.98 2.03 0.33 346 4.66
5.95 1.86 0.17 3.59 4.87
59.5 0.27 0.07 1.90 1.72
19 0.03 0.06 1.70 1.43
I-Hexanol 0.61 1.75 0.55 1.17 4.38
1.22 0.37 0.59 1.08 4.52
1.84 0.28 0.29 1.01 1.14
9.18 0.31 0.25 2.39 0.62
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Fig. 3. Evolution of photoluminescence spectra for (a) unmodified porous silicon, (b) Co”Pc impregnated porous silicon during long-term measurements

of photoluminescence quenching response of n-alcohols.

were within the interval of about 2 min and decreased with
increasing analyte concentration. Quenching time constants
195 of Co'Pc impregnated samples werc several times
shorter (except for the highest concentrations of analytes

n-alcohol vapors. In Fig. 2 there are time evolutions of PL
intensity of unmodified and Co'"Pc impregnated PS sensor
in the presence of 1-propanol. After introduction of analyte

into the detection cell we can see a sharp decrease of
photoluminescence intensity and the baseline stabilization at where saturation effects took place) as compared to unmodi-
lower PL level after few minutes. fied PS samples. After blowing alcohol vapors out of the
Kinetics of sensor response has usually non-exponential system with pure nitrogen, the photoluminescence returned
character, response times are usually expressed by means of relatively slowly to the initial intensity level. From Table 1 it
follows that return to the initial PL intensity level is slower for

0.5 values (corresponding to 50% of the full response) {14].

The quenching and recovery time constants 74 s for methanol Co""Pc impregnated PS as compared to unmodified PS.

and hexanol are summarized in Table 1. For lower concen- PL baseline for unmodified PS slowly decreases in time
trations the quenching time constants 1, 5 of unmodified PS due to slow PS oxidation [15] while operational stability of
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Fig. 4. Relative photoluminescence decrease as a function of analyte concentration for linear alcohols in gas phase for (a) unmodified porous silicon, (b) Co"Pc

impregnated porous silicon.
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Co"'Pc impregnated surface is significantly better (see Fig.
2a and b). Stabilization of PS sample surface due to im-
pregnation with Co"Pc can be demonstrated by comparison
of PL spectra measured in course of several days. In Fig. 3a
there are PL spectra of unmodified PS sample during
measurements of PL quenching response of linear C;—Cg
alcohols. Within 4 days we can see continuous PL
degradation and a blue shift of PL maximum due to slow
PS oxidation, PL intensity is reduced by about 50%.
Photoluminescence of Co''Pc modified PS (Fig. 3b) shows
initial intensity degradation, further decrease is substantially
reduced. As the PL response kinetics of CollPc modified PS
was faster than of unmodified PS, we measured the whole
set of studied analytes in continuous three-day-measurement
(there are only three PL spectra in Fig. 3b) as compared to
continuous four-day-measurement of unmodified PS.

4. Discussion

4.1. Variation of PL quenching due to PS surface
modification

The PL quenching response at given analyte concen-
tration (Fig. 2) is higher for unmodified PS than for PS
impregnated with Co"Pc. In order to quantify this observa-
tion we express sensor PL quenching response as a relative
decrease of PL intensity. In Fig. 4 there are sensor responses
as a function of analyte concentrations—calibration curves—
of unmodified (Fig. 4a) and Co"Pc impregnated (Fig. 4b)
PS samples. We observed a qualitatively similar behavior of
the relative PL quenching for the whole set of alcohols—
after an initial lincar increase of the response a saturation at
higher concentrations followed. Sensor sensitivity is deter-
mined by the slope of lincar part of calibration curve. In Fig.
5 there are values of sensor sensitivities of unmodified PS
and Co"Pc impregnated PS for studied sct of analytes.
Except for methanol, we can see a monotonous increase in
sensor sensitivity with number of carbon atoms in alcohol
molecule. Lower sensitivity of Co''Pc impregnated PS
surface can be explained by partial filling of the pores with
phthalocyanine molecules. The ratio of sensitivity of
modified to sensitivity of unmodified PS surface slightly
decreases with number of carbon atoms in alcohol (see the
inset of Fig. 5). The unexpected behavior of methanol in a
homological set of linear alcohols can be explained by its
easier penetration into porous matrix as compared to larger
analogues.

4.2. Response time constant T, s

The principal mechanism of photoluminescence quench-
ing response in sensing of simple organic species in gas phase
is exciton dielectric quenching and capillary condensation
effects [16.17]. Observed difference in sensor response
kinetics between unmodified and PS-Co''Pc samples indi-
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Fig. 5. Sensitivity of sensor response for linear alcohols in gas phase for
unmodified porous silicon (PS) and Co""Pc impregnated porous silicon (PS-
Co"Pc). Inset: Ratio of sensitivity of Co"Pc impregnated porous silicon to
sensitivity of standard porous silicon for homological set of linear alcohols
C,-Cs in gas phase.

cates more complex sensing mechanism for modified PS. We
suppose that major factor accelerating the kinetics of PL
quenching in modified PS is reduced pore size of the material
and increase of PS surface polarity due to Co"'Pc impregna-
tion. These effects may contribute to the shortening of
quenching time constants t,, s and prolongation of recovery
constants 7 s.

4.3. Operational stabilirty

Protection of PS surface with Co''Pc resulted in a
substantial increasc of resistance against slow ambicnt
temperature oxidation. Observed initial decrease of PL
intensity in Fig. 3 can be related to incomplete saturation
of the surface with large Co"Pc molecules and fast
oxidation of unprotected residual Si—H groups. Unlike
unmodified PS, the process of residual oxidation is
completed within hours and then the material remains
stable.

5. Conclusion

We can conclude that impregnation of porous silicon with
cobalt phthalocyanine is an effective way to improve the
stability of photoluminescence quenching response. For Co
11 phthalocyanine modified PS films we observed shortening
of PL quenching time and prolongation of PL recovery time
for a homological set of linear alcohols.
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Abstract: Porous silicon is a very attractive material cue to its intense visible photcluminescence at rccm tem
perature. Its unique physical and chemical properties are determined by the porous structure where a nancsizer
silicon layer is formed during the electrochemical etching of crystalline silicon. So far, the high chemical reactivit:
of the porous silicon surface has prevented its exiensive application in optoelectronics. Considerable effort has
been put into the development of suitable techniques of stabiiizaticn. On the other hand, high chemical reactivit:
and sorption capacity of porous silicon represent the principal acvantage for the censiruction of sensitive sensor:
of chemical species. This article provides a brief overview cf the ongoing activities in the deveiopment of porous
silicon-based chemical sensors at the Charles University and at the institute of Chemical Technology. So far, th
detection of chemical species is based on the measurement of the changes in photoluminescence intensity an:
photoluminescence decay time, other complementary electrochemical and optical detection methods will follow it
order to increase the selectivity of the detection. Another approach resulting in increased selectivity of sensor re
sponse utilizes the modification of porous silicon surface - either by physical adsorption or chemical derivatizatior
- by various molecules with recognition prcperties. Due to the interdisciplinary nature of the research the involvec
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chemistry, design and synthesis of the molecules with recognition properties and sensor development.
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1. introduction

Porous silicon (PS) has auracted much at-
tention since the discovery of its efficient
visible room temperature photolumines-
cence (PL) in 1990 [1]. The principal
mechanism responsible for visible PL was
attributed to quantum confinement in sili-
con nanostructures. The enormous interest
in this material in the first years of the 21st
century was promoted by the search for ef-
ficient visible luminescence silicon-based
material for optoelectronic applications.
When the decisive role of the PS surface
[2] and chemical compasition of the sur-
rounding environment [3} on the physical
properties of PS was revealed, the attention
shifted towards PS surface chemistry [4].
Physical and chemical properties of po-
rous silicon are determined by the morphol-
ogy of silicon nanostructures (pore size,
orientation, and size distribution). Correla-
tion of observed physical properties with
morphology of PS films [5] and the rela-
tionship between PS morphology and an-
odization conditions of p-type silicon have
been extensively studied. Principal factors

influencing the formation rate of the PS
layer and its morphology were found. PY
macropore formation depends both on the
properties of the silicon substrate (crysta
orientation [6}, doping density [7]) and the
experimental conditions for anodizatios
(composition of etching solution. curren
density [8)(9]. temperature [10]).
Nowadays, a growing area of PSresearcl
is aimed at the development of chemica:
and biochemical sensors {4]. Besides favor-
able sensor properties the principal advun-
tage of PS is its materia! compatibility wit:
common silicon-based microelectronics
Improvement of selectivity and operatior
stability of PS sensor is an essential prereg
uisite determining its practical otilization
{11]. It is usually accomplished by the at-
tachment of suitable species to the PS sur-
face using various chemical routes [12][13}
Species with recognition properties are of-
ten of very high molecular weight or even
supramolecular structures (enzymes, anti-
bodies. membranes, or whole cells [14]). I
order to achieve sufficiently high coverage
of PS surfpce through chemical bonds, inv‘
formation about pore size, orientation ant
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distribution is crucial. Knowledge of the de-
pendence of PS morphology on preparation
conditions thus plays a decisive role in the
search for effective derivatization methods
of PS surfaces for sensor applications.

2. Experimental

PS samples were prepared by anodic
etching of crystalline Si wafer (CZ, boron
doped, (1003, ~10 Q2cm. ON Semiconduc-
tors) in a HF (50 wt.%) and absolute etha-
nol mixture, composition varied from 3:1
to 1:3 volume ratio. The current densit
varied within the interval 1-20 mA cm™,
anodization time was 60 min. Porosity and
thickness of PS samples were determined
by gravimetric methods (15]. Infrared spec-
tra were measured by means of a Fourter
transform Nicolet Magna 760 spectrometer
operated in transmission mode. The mor-
phology of PS samples was observed by
means of a JEOL JSM 6700F NT scanning
electron microscope (SEM); the detailed
structure was determined by mcans of a
200 xV TOPCON high resolution transmis-
sion electron microscope (HR TEM).

Gas-phase measurements of the pho-
toluminescence PS sensor response were
performed in a laboratory-made bulk op-
tode operating with nitrogen as a carrier
gas. Photoluminescence was excited either
by UV LED (RLT370-10, 370 nm, ~ 1 mW/
cm?) or a cw Ar*-laser (457.9 am, 30 uW
cm™?), collected in a perpendicular direc-
tion by means of a glass fiber connected
to a emission monochromator. detected
by a photomultiplier and processed with
a Stanford SR830 lock-in amplifier. Mea-
surements of the photoluminescence sensor
response of porous silicon in a liguid phase
were performed in a slightly modified set-
up. The porous silicon sample was fixed in
a bulk optode immersed in n-hexane. The
excitation beam and photoluminescence
were directed to and from the porous silicon
sample by means of a fiber optics jumines-
cence probe.

3. Results and Discussion

3.1. Dependence of Porous Silicon
Morphology and Chemical Compo-
sition on Fabrication Parameters

Photoluminescence properties of PS are
closely related to the sample morphology
and porosity. We performed a detailed study
of the dependence of these parameters on
fabrication conditions. PS samples were
prepared at various HF concentrations and
current densities and the resulting porosity.
thickness, morphology and photolumines-
cence were studied [16]. Based on experi-
mental results, we found two effective ways

of controlling the sample porosity — through
the HF concentration and through the cur-
rent density. However, no direct link be-
tween photoluminescence properties (spec-
tral distribution, position of spectral maxi-
mum) and total porosity was observed.

According to the quantum confinement
mechanism, with increasing porosity of
PS the mean size of silicon nanostructures
is expected to become smaller and the PL
spectral maximum should shift to the blue.
Photoluminescence spectra of selected PS
samples are presented in Fig. 1. We can see
that the PL maximum shifts substantially
to Jower wavelengths with decreasing HF
concentration in the etching solution (Fig.
1a); the observed PL blue shift due to the
increased current density is about one or-
der of magnitude smatler (Fig. 1b). On the
basis of the experimental data obtained we
can conclude that the total porosity of the
porous layer is not directly linked with the
mean size of silicon nanostructures that
are responsible for visible photolumines-
cence.
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Fig. 1. (@) Room temperature photoluminescence
spectra of porous silicon films prepared at various
HF concentrations in etching solutions {current
density 10 mA cm™2, anodization time 60 min);
{b) photoluminescence spectra of porous silicon
films prepared at various current densities (HF/
ethanol =1:1, anodization time 60 min). Spectra
were excited with a Ar* laser {457.9 nm, excitation
power -30 uW cm™3).

Observed PL maximum shifts for PS
prepared under different conditions were
also correlated with PS surface morpholo-
gy as observed by eleciron microscopy. We
may conclude that PS samples prepared at
the same HF concentration revealed simi-
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lar morphology under the electron micro-
scope (not shown) irrespective of the se-
lected current density, whereas substantial
differences in morphology of the porous
layer were observed for samples prepaced
at different H¥ concentrations. Fig. 2
shows cross-sectional SEM views of three
samples prepared at HF concentrations
12.5%, 16.7%, and 25% (current density
10 mA cm 2, anodization time 60 min)
-- samples are denoted A, B, and C. For
PS sample A the pores were wide with the
walls partially cracked. For sample B pre-
pared at higher HF concentration the pores
were substantially thinner, which was re-
flected in a relatively large red shift in the
PL spectrum (sce Fig. 1). The finest, but
most easily destructible porous structure
was observed for PS sample C prepared
in the most concentrated HF solution. Ac-
cordingly, this sample shows the most sig-
nificant red shift of the PL maximum, A
similar relation between sample porosity
and PL shift was reported by Bessais er
al. [17].

Flg. 2. Cross-sectional electron micrographs ol
porous films andedetails of pore morphology for
porous siiicon samples A, B, and C
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3.2. Sensor Response of Porous
Silicon in Gas- and Liquid Phases

The photoluminescence sensor response
of PS was measured for a homological set
of linear alcohols from methanol to 1-hexa-
nol in gas and liquid phases. The mcasure-
ment was accomplished by recording the
photoluminescence intensity at selected
wavelengths as a function of elapsed time
when various amounts of analytes were re-
peatedly introduced and rinsed out of the
system. As examples, time records of the
photoluminescence intensity for 1-hexanol
in gas phase and methanol in liquid phase
are shown in Fig. 3 and Fig. 4.
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Fig. 3. Variations of photoluminescence intensity
of standard porous silicon in the presence of
various amounts of 1-hexanol in the gas phase.
Emission wavelength A = 700 nm.
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Fig. 4. Variations of photoluminescence intensity
of standard porous silicon in the presence of
various amounis of methanol in the liquic phase.
Emission wavelength A = 700 nm.

The magnitude of photoluminescence
quenching depends on analyte concentra-
tion. From the time records of photolu-
minescence intensity we determined cali-
bration curves — a relative decrease of PL
intensity as a function of analyte concentra-
tion tsee Fig. 5 for analytes in gas phase and
Fig. 6. for analytes in liquid phase). From
the linear part of the calibration curves we
determined the fundamental sensor param-
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Fig. 5. Sensor response of standard porous
silicon as a function of concentration for n-
alcohcls in the gas phase. Emission wavelength
A =700 nm.
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Fig. 6. Sensor response of standard porous
sificon as a function of concentration for
n-alconcls in the liquid phase. Emission
wavelength A = 70C nm,

eters: limit of detection, sensitivity. and lin-
ear dynamic range [18].

As it foilows from the evaluated quand-
tative data, the photolumninescence response
of PS to analytes in the gas phase is char-
acterized by a nearly monotone increase of
sensitivity with the length of alcohol chain;
the behavior of sensitivity towards the same
analytes in liquid phase is the opposite. Such
different sensor behavior can be explained
by considering both the factors alfecting
the extent of luminescence quenching by a
given structure and the actual concentration
of the analyte in the porous matrix.

Photoluminescence quenching of PS in
liquid phase can be explained by the dielec-
tric quenching mechanism [19]. The prob-
ability of radiative recombination of exci-
tons in PS depends on the effective dielec-
tric constant inside the porous matrix. With
increasing effective dielectric constant the
Coulombic force between electron and hole
as well as their recombination probability
are lowered. Values of sensor sensitivity
to studied alcohols in the liquid phase as a
function of dielectric constant are presented
in Fig. 7. A very good correlation between
photeluminescence quenching and dielec-
tric constant of alcohols was observed.
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Fig. 7. Dependence of the sensor sensitivity
of standard porous silicon as a function of the
dielectric constant of tinear alcohols in the liquic
phase

The behavior of sensor response to
linear alcohols in the gas phase is more
complex and cannot be explained by the di-
electric quenching mechanism only. In PS
a broad distribution of pores with diameters
of the order of 1-100 nm is present [20]. Al-
cohel vapors in the gas phase interact with
the porous matrix and their concentration
inside the matrix is determined primarily by
the capillary condensation effect [21]. The
real concentration of alcohol inside the po-
rous matrix is therefore different from the
nominal concentration in the gas phase. In
a first approximation we can estimate the
magnitude of the equilibrium concentration
of analyte in the porous matrix by means of
a gas phase concentration and analyte vapor
pressure. We assume that the analyte con-
centration in pores for a given analyte gas
phase concentration increases with decreas-
ing saturated vapor pressure. The values of
SensOr response sensitivity as a function of
the reciprocal value of saturated vapor pres-
sure are depicted in Fig. 8. The observed
correlation explains well why the gas phase
sensor sensitivity for 1-hexanol is much
higher than for methano] [22].
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Fig. 8. Depenrdence of the sensor sensitivity of
standard poroys siicon on the reciprocal value
of vapor pressure of linear aicchols in the gas
phase
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3.3. Sensor Response of Surface
Moditied Porous Silicon

Chemical modifications of the PS sur-
face were performed by wet oxidation and
hydrosilylation reaction with methyl 10-un-
decenoate and hemin [18]. We performed
measurements of the photoluminescence re-
sponse with chemically modified samples of
PS for the set of C,~Cg linear alcohols in the
gas phase. In comparison to the original PS,
the sensor response of the methyl 10-undec-
enoate-derivatized PS sample was unusually
low for lower alcohols. Such observations
suggest that methyl 10-undecanoate groups
on the PS surface interact with alcohol mole-
cules hindering them from penetration inside
the porous matrix. The modified sensor re-
sponse can be simply quantified by the ratio
of sensor sensitivity, S, of surface-deriva-
tized PS to sensitivity, S ,, of as-prepared PS
towards the selected analyte. As it follows
from the Table, the value of Sy/S, mono-
tonically decreases with increasing length
of alcohol chain, thus indicating a molecu-
lar recognition effect of the surface-modi-
fied PS towards n-alcohol vapors. From the
suuctural features of the interacting species
we propose that the most probable driving
force behind the molecular recognition is
the polar interaction between -OH groups of
alcohol and C=0 groups of 10-undecanoate
methylester.

Recently we performed further modifi-
cations of the porous silicon surface - phys-
ical adsorption of cobalt phthalocyanine
[23] and electrodeposition of polypyrrole
[24]. All these surface modifications sig-
nificantly altered the photoluminescence
sensor response and substantially improved
its operational stability.

4. Conclusion

The dependence of photoluminescence
properties and morphology of porous sili-
con on fabrication parameters was studied
and the influence ol current density and
electrolyte composition on sample poros-
ity and morphology was determined.

Porous  silicon  photoluminescence
quenching in presence of organic analytes
in gas and liquid phases was investigated.
The photoluminescence quenching mecha-
nism is consistent with the model of exciton
dielectric quenching. This mechanism fully
explains the response to various analytes
in the liquid phase. The magnitude of the
sensor response in the gas phase depends
on the thermodynamic equilibrium concen-
tration of the analyte in the porous silicon
matrix controlled by the capillary conden-
sation effect.

Derivatization of the PS surface with
methyl 10-undecenocate strongly modifies
the PL response of the PS sensor in the pres-
ence of vapors of lower alcohols as com-
pared to as-prepared PS sensor. The rela-
tive change of the PL response scales with
the polarity strength of the analyte. Polar
interaction between the hydroxyl group of
alcohols and the carbonyl group of methyl
10-undecanoate molecules at the PS surface
is the dominant mechanism of molecular
recognition.
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SENZOR & CHEMICKYCH LATEK _ NA BAZI
POREZNIHO KREMIKU_ ~ ZALOZENY NA
SOUCASNEM MERENi ZHASENi LUMINISCENCE A
ZKRACENI DOBY DOHASINANI LUMINISCENCE

V. Vrkoslav, 1. Jelinek

Katedra analytické chemie, PFirodovédecka fakulta Univerzity Karlovy, Hlavova 2030, 128
40 Praha 2,

J. Dian, Katedra chemické fyziky a optiky, Matematicko-fyzikalni fakulta Univerzity Karlovy,
Ke Karlovu 3, 121 16 Praha 2

Uvod

Porézni kfemik je od objevu své intenzivni fotoluminiscence
vroce 1990 [l] jednim z nejintenzivngji studovanych materiala.
Hlavnim divodem je skutenost, Ze se jednd o materidl na bazi
kfemiku, na kterém je zaloZena soucasna mikroelektronika. Porézni
kiemik je tedy materidl kompatibilni stechnologii soucasné
mikroelektroniky a lze ho snadno integrovat na kifemikovém cipu.
Krystalicky kfemik je polovodi¢ s nepfimym zakazanym pasem o
velikosti 1.12 eV, jeho fotoluminiscence je v blizké infracervené
oblasti a pft pokOJove teploté je extrémné slaba. Pivodem viditelné
fotoluminiscence v poréznim kiemiku jsou nanostrukturni utvary,
které vznikaji v prubéhu elektrochemického leptani krystalického
kiemiku. V dusledku kvantového rozmérového jevu dochdzi jednak k
rozSifeni zakazaného pasu, jednak k postupné zmeéné jeho struktury
z nepfimé na pfimou. Nanostrukturni utvary v poréznim kiemiku tak
odpovidaji za posun fotoluminiscence do viditelné oblasti spektra a za
znany nardst kvantového vytézku fotoluminiscence (jednotky az
desitky procent). U nanostrukturnich utvari hraji, vzhledem k svému
relativnimu zastoupeni, atomy v blizkosti povrchu velmi vyznamnou
roli. Fyzikalni a chemické vlastnosti porézniho kiemiku zavisi na
pfitomnosti riznych latek v blizkosti povrchu. V této praci byla
studovana zavislost parametri fotoluminiscence - intenzité
fotoluminiscence a doby dohasinani fotoluminiscence — na
pfitomnosti chemickych latek scilem zvySeni selektivity senzorové
odezvy  porézniho  kfemiku. Daldi  zvySeni  selektivity
fotoluminiscenéni odezvy bylo dosazeno chemickou modifikaci
povrchu porézniho kifemiku.

Experimentalni ¢ast
Vzorky porézniho kfemiku byly pfipraveny anodickych leptanim

krystahckeho kfemiku (p -typ, vodivost ~10 Qcm, orientace <100>) ve
smési HF:EtOH=1:2.5 pii proudové hustoté 10 mA/cm® po dobu 30
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min. Povrch porézniho kfemiku byl modifikovan hydrosilylaci
methyl-10-undeceonatem. VysuSeny vzorek porézniho kiemiku byl
ponoien do reakéni smési obsahujici methyl-10-undecenoat a hexan
(vpoméru 1:5) zbavené rozpuSténeho kysliku probublavanim
argonem po dobu dvou hodin. Reakce probihala fotochemicky pfi
ozafovani UV =zafenim ze rtutové vybojky po pruchodu
interferenénim filtrem 365 nm. Oxidovany vzorek porézniho kiemiku
byl pfipraven ponofenim do 30 % roztoku H,O, po dobu 60 minut.
Modifikované vzorky byly vysuSeny v evakuovaném exsikatoru.

Méteni parametrii fotoluminiscenéni odezvy — intenzity a doby
dohasinani — byla provadéna na aparatufe uvedené na obr. 1. Zdrojem
budiciho zafeni byla pulzné buzena UV LED dioda o vinové délce
375 nm. Fotoluminiscence byla analyzovana monochromatorem Jobin
Yvon HT20 a detegovana fotonasobi¢em Hammamatsu R3896. Pulzni
buzeni (f = 500Hz), proudovy pfedzesilova¢ a vyuziti synchronni
detekce (LockIn SR830) umoznovaly soucasné méfeni intenzity a
¢asového prubéhu fotoluminiscence (osciloskop Tektronix 3052B)
v prubéhu doby jednoho pulzu (=2 ms). Vzorek byl umistén v optode,
ktera byla spojena se systétmem davkovani definovanych koncentraci
studovanych analytu.

Membranova pumpa

Sept:um Oscitoskop
Ptivod N, ‘_é—»

Trojcestny
ventil

GPIB

Temperovana
nadoba

=8

Porézni kiemik

DAQ
Y Pz Trojcestny
a1 . ventil Lock-in
I
Vo YProudovy
RN Mérna cela Svétlovod zesilovac
{optoda)
‘ Fotonasobié

Pulzni
generator

Monochromator
Obr. 1 Senzorova aparatura pro soucasné méreni intenzity a doby
Zivota fotoluminiscence.
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Vysledky a diskuse

Zavislosti zmén intenzity fotoluminiscence porézniho kiemiku
pro rizné koncentrace methanolu v systému jsou uvedeny na obr. 2a,
na obr. 2b je zndzornén pribeh dohasinani fotoluminiscence pied a po
nastiiku methanolu o koncentraci ¢=29,7 ug/ml. Ze zavislosti
intenzity fotoluminiscence standardniho porézniho kfemiku pfi
ruznych koncentracich analytu plyne, Ze srostouci koncentraci
analytu roste zhaSeni luminiscence. Ph vysokych koncentracich
analyta dochdzi diky omezené sorpéni kapacité vzorku k saturaci
signalu. Mira zhaSeni fotoluminiscence v plynné fazi zavisi na
tyzikalnich vlastnostech sledovanych analytti — dielektrické konstanté
a tlaku nasycené pary [2]. Pro srovndni miry zhaSeni riznych analyta
jsou na obr. 3a vyneseny =zavislosti relativniho zhaSeni
fotoluminiscence v zavislosti na koncentraci vybranych analytl, na
obr. 3b jsou odpovidajici zavislosti doby dohasinéni fotoluminiscence
na koncentraci.
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Obr. 2a — Casovy pribéh intenzity fotoluminiscencni senzorové odezvy
standardniho porézniho kiemiku na rizné koncentrace methanolu
vplynné fazi, 2b — casovy pritbéh dohasinani fotoluminiscence
standardniho porézniho kfemiku bez pFitomnosti analytu a pro
koncentraci methanolu ¢=29.7 ug/ml.

Ze zavislosti zhaSeni fotoluminiscence na koncentraci pro
vybrané analyty plyne, Ze nejvice zhasi fotoluminiscenci vyssi
alkoholy, zna¢n& zhasi toluen a velmi mélo zha3i nepolamni latky.
Polo¢as doby dohasinani fotoluminiscence, T, zna¢né zavisi na stupni
oxidace porézniho kiemiku. Z obr. 3b plyne, Ze doba dohasinini
vzorku standardniho porézniho kfemiku zdvisi na stupni oxidace —
s rostouci oxidaci povrchu se postupné prodluzuje. Pro studované
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analyty se doba dohasinéni s koncentraci nejvice zkracovala pro vyssi
alkoholy, stfedni silu zkracovani doby Zivota vykazovaly niz$i
alkoholy a aromatické uhlovodiky (toluen, xylen) a nejmensi
zkracovani doby Zivota s koncentraci bylo opét pozorovano pro malo
polarni organické latky. Pro urleni &asové konstanty dohasinani
fotoluminiscence porézniho kiemiku byl pouzit model disperzni
kinetiky, kterému odpovidd nataZend exponencidla (,stretched

exponential®) [3]:

1P
(=1, e{?] (1)
kde ¢ je Cas, Iy intenzita fotoluminiscence v ¢ase ¢t = 0 (v okamziku
prerudeni excitace vzorku) a I (#) intenzita fotoluminiscence v Case t
po prerudeni excitace vzorku.

Parametr B (disperzni parametr) se pohybuje v rozmezi 0-1, pro
dany vzorek standardniho porézniho kfemiku byla stanovena hodnota
B=0,79, pro oxidovany vzorek $=0,83 apro vzorek derivatizovany
methyl 10-undecenoatem 3=0,81. Pro vyS3i koncentrace detegovanych
analytd byla v disledku nizké intenzity fotoluminiscence doba
dohasinani ur€ena se zna¢nou chybou, tyto hodnoty nebyly zahmuty
do dalsiho vyhodnoceni.

0.4
7 o methanol 26| Standardni PS
03t —+— 1-propanol
. —¢— 1-hexanol 241 —o— methanol
—»—toluen —4— 1-propanol
o 0.2} —*—voda i —o— 1-hexanol
s 2 22 —a— toluen
= v —x— voda
01t
20}
Standardni PS
0.0 - L L 18 53 1 1 1 1
0 15 30 45 0 15 30 45 60
¢ [ng/mi] ¢ [ug/mi]
a b

Obr. 3a — koncentracni zdvislost zhdseni intenzity fotoluminiscence
standardniho porézniho kfemiku pro vybranou skupinu analyti, 3b —
koncentracni  zdvislost — doby  dohasinani — fotoluminiscence
standardniho porézniho kiemiku.

Chemickd derivatizace vzorkdi se projevila interakci
detegovanych analytd s povrchem porézniho kiemiku. Senzorové
odezva byla niz8i ve srovnani se standardnim poréznim kiemikem a
v disledku interakce analyti s povrchem byly pozorovany znalné
odchylky v zdvislosti na polarité sledovanych analytd [4].

83

61



0.4 04
Oxidovany PS PS-C, H, COOCH,
—a— methanol I —0-- methanol
03 —+— 1-propanol 03 —~— 1-propanol
—o— 1-hexanol —o— 1-hexanol
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Obr. 4 — koncentracni zavislost zhaseni intenzity fotoluminiscence
oxidovaného porézniho kifemiku (@) a porézniho kfemiku
derivatizovaného methyl 10-undecenodtem (b) pro vybranou skupinu
analytii.

Kvantitativni srovnani odezvy jednotlivych analyth lze
nejjednoduseji provést pomoci citlivosti senzorové odezvy — absolutni
hodnoty smérnice koncentracni zdvislosti. Na obr. 5 jsou uvedeny
korelacni zavislosti citlivosti senzorové odezvy poklesu intenzity
fotoluminiscence S; a zkracovani doby dohasinani S; pro méfené
analyty. Z obrazku je patrné, zZe jednotlivé analyty vykazuji riznou
odezvu pf1 méfeni intenzity a doby dohasinani fotoluminiscence. Pro
sledované linearni alkoholy byla pozorovdna pfiblizné linedmi
korelace mezi zhdSenim fotoluminiscence a zkracovanim doby Zivota
fotoluminiscence (obr. 5a). Pfi srovnani riznych skupin organickych
latek byly pozorovany nizké hodnoty citlivosti senzorové odezvy S; a
S: na malo polarni alifatické latky (alkany, halogenalkany), vysSi
hodnoty poméru citlivosti S/Sp  pro aromatické uhlovodiky a vy3si
hodnoty citlivosti S; a S; senzorové odezvy na siln€ poldrni latky
(alkoholy).
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Obr. 5a — korelace citlivosti senzorové odezvy pro linedarni alkoholy, b
— korelace citlivosti senzorové odezvy pro vybrané skupiny
organickych latek.

Chemickd derivatizace povrchu porézniho kfemiku a dualni
detekce fotoluminiscen¢nich parametri umoziiuji zvySeni selektivity
senzorové odezvy na vybrané skupiny detegovanych latek. Vzhledem
ke kompatibilit¢ s kiemikovou mikroelektronikou ma porézni kiemik
velky potencidl pro aplikace v elektronickych nosech pro detekci
Sirokého spektra organickych latek.
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Abstract

Electrodeposition of polypyrrole film on porous silicon surface was used to improve its photoluminescence properties for sensing of chemical
species in gas phase. Photoluminescence quenching sensor response was measured for water and a homological set of linear alcohols in gas phase.
We observed modified photoluminescence quenching response from polypyrrole-modified porous silicon as compared with as-prepared porous
silicon. For as-prepared porous silicon samples, the dependence of photoluminescence quenching on analyte concentration revealed Stern— Volmer
behavior. Concentration dependence of photoluminescence quenching response of polypyrrole-modified samples for water and methanol exhibited
Stern— Volmer behavior as well. for C,-Cq linear alcohols a period of photoluminescence enhancement on the concentration dependence onset
followed by photoluminescence quenching at higher concentrations was obscrved. The interval of photoluminescence enhancement response from
polypyrrole-modified samples was continuously decreasing with the length of alcohol chain. Dramatic reduction of sensor photoluminescence
response to lower alcohols was attributed to strong interaction with polypyrrole surface layer and suppressed analyte penetration into porous

matrix. Operational stability of polypyrrole-modified porous silicon was improved as compared to as-prepared porous silicon.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Porous silicon; Photoluminescence; Sensor; Polypyrrole; Alcohols; Water

1. Introduction

Porous silicon (PS) exhibits uncxpected physical properties as
compared to crystalline silicon due to its porous structure and
quantum confinement in low-dimensional structures formed in
the course of electrochemical or chemical etching. The most
important property of porous silicon is its bright visible
photoluminescence observed for the first time by Canham in
1990 [ 1]. The porous structure is highly advantageous for optical
sensors of chemical species based on porous silicon photo-
luminescence quenching. Reversible PL quenching was demon-
strated for various systems in gas and liquid phases [2-5].
Practical applications of PS-based sensors are limited by
insufficient operational stability due to slow oxidation and low
selectivity toward chemical compounds. Stabilization of PS
surface through the substitution or surface layer protection of
highly reactive Si—H bonds have been made by various routes
[6.7]. Polypyrrole is a conducting polymer with a wide

* Corresponding author. Tel.: +420 2 2191 1268; fax: +420 2 2191 1249,
E-mail address: dian@karlov.mff.cuni.cz {J. Dian).

0928-4931/% - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016¢j.msec.2005.09.025

applicability in various ficlds of research [8]. It has been
extensively studied in connection with an effort to form adhering
clectrical contacts on PS [9.10]. Electrochemically prepared
polypyrrole layer covers the outer surface of PS and also fills the
core of pores. Due to its chemical stability, polypyrrole seems to
be an efficient protective agent improving physical and chemical
properties of porous silicon. In this report, we present preliminary
results of systematic measurements of photoluminescence
intensity changes of as-prepared and polypyrrole-modified
porous silicon in the presence of various amounts of studied
analytes in gas phase. For surface-modified PS, we observed
strong interaction between polypyrrole layer and analyte. The
strength of interaction depended on the analyte polarity and
wettabillity of polypyrrole layer. This interaction resulted in
dramatic change of photoluminescence response in the presence
of chemical species as compared to as-prepared porous silicon.

2. Experimental

Porous silicon samples were prepared by anodic etching of
crystalline Si substrate ({100) orientation, p-type, boron
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doped, ~ 10 2 cm) in a HF (50%):ethanol mixture (1:2.5) at
current density 10 mA cm™? for 60 min. The counter-
electrode was a platinum rotation electrode and the back of
the Si wafer was connected to stainless stecl counter-clectrode
with the aluminum strip. The porosity of the porous silicon
layers was about 80% and the thickness was about 10 um (as
determined by gravimetric method [11]). After etching, the
samples were repeatedly rinsed with ethanol and dried in
evacuated desiccator for 24 h. For polypyrrole electrodepo-
sition, we used cyclic voltammetry technique. At first, the
voltage at porous silicon sample was varied within the
interval from —0.2 V to +1.2 V in 0.05 M tetrabutylammo-
nium perchlorate/acetonitrile supporting electrolyte at the scan
rate of 100 mV/s for 5 min (Fig. la-I). Then pyrrole was
added to the solution to the final concentration of 0.1 M and
electrodeposition was performed for 30 min. The growth of
polyryrrole layer on porous silicon surface is evident from
voltammograms in Fig. la-T1l. After removal from the
solution, the PS samples were dried under the gentle stream
of argon for 30 min and stored in evacuated desiccator.
Measurements of photoluminescence quenching response in
gas phase were performed in an adapted photoluminescence
setup [12]. Porous silicon sample was placed in a bulk optode
employed in a closed flow-injection system operating with
nitrogen as a carrier gas. Measurements of concentration
dependence of sensor response were performed by introduc-
ing controlled amounts of liquid analyte into the stream of
carrier gas. PS photoluminescence was excited by a 375-nm
UV LED (<1 mW cm™?), collected in a perpendicular
direction by means of a glass fiber connected to an emission
monochromator, detected by a photomultiplier and processed
with a lock-in amplifier. Infrared transmission spectra were
measured by means of Fourier transform Nicolet Magna 380
spectrometer.

1073

3. Results and discussion

Surface of freshly prepared porous silicon is covered mainly
by Si—H bonds. During polypyrrole electrodeposition on PS
surface, these bonds are partly oxidized and afterwards
polymerization process is started {9]. Chemical changes during
these processes are documented in Fig. 2a. Infrared spectra
confirm that the process of anodic clectropolymerization of
pyrrole on PS surface in the absence of fluoride ions is
accompanied with a significant oxidation, as it is indicated by
the decrease of vg;_;; and increase of vg; ¢ valence bends.
Unlike standard unmodified PS, polymer-coated PS surface
seems to be resistant against further oxidation in course of
sensor measurements. The rest of Si—H bonds remained
unchanged in course of long-term exposition of irradiated PS
surface to vapors of chemical species.

We performed measurements of photoluminescence quench-
ing in the presence of controlled amounts of water and linear
C,-C, alcohols in gas phase with both standard and
polypyrrole-modified PS samples. Photoluminescence quen-
ching was measured at a wavelength near the PL maximum
(PL spectra of measured samples are in Fig. 5) as a function
of time. In Fig. 2, there are changes of PL intensity in time
when various amounts of water were added and removed
from the system. For all analyte concentration, we can sec
relatively fast decrease of PL intensity and subsequent
stabilization of PL at a new intensity level. For low
concentrations of water, we observed slow drift of the new
baseline for both standard and polypyrrole-modified porous
silicon sample. We can attribute this drift to increase of PS
surface wettabillity due to slow photochemical oxidation in
the presence of water [13]. This effect—slow oxidation of PS
surface—was more pronounced in standard PS than in surface-
modified PS. For lower analyte concentrations, we observed

(30 pA)

£ vsat Ag/ARCl
10.2v]

b v(Si-0-)Si-H,

vO-H

vsiH] T

Standard PS
—— PS with PPy film
-——- after 50 h of

PL operation
—— pyrrole

Absorbance {a.u.}

0.5

1

1000

2000 3000
Wavenumber [cm™']

4000

Fig. 1. (a) I—voltammogram of porous silicon sample in 0.05 M tetrabutylamonium perchlorate/acetonitrile supporting electrolyte without pyrrole (A) and with
added 0.1 M pyrrole (B), scan - 0.2-1.2 V (100 mV/s), overall time of electrodeposition =30 min. (b) Characterization of porous silicon sample after preparation,
electrodeposition of polypyrrole layer and after 2 days of continuous operation by means of infrared transmission; the spectrum of pyrrole monomer attached for

comparison.

65



1074 V. Vrkoslav et al. / Materials Science and Engineering C 26 (2006) 1072~-1076

0 40 80 120 160
3 . : v 8 . .
752 15.0 263 376
pg/mi pg/ml wg/ml - pg/mi
2
water
s ¢ L standard PS
2]
> a
@
5 gl’52 150 226 30.1 376
z wg/ml pg/m! pg/ml ng/ml ng/mi
7 | | | |
6}
4 -water
| PPy modified PS
b
2 " 1 1
0 40 80 120

time [min}

Fig. 2. Varations of photoluminescence intensity near PL maximum during
sensing of water vapors at various concentrations with (a) as-prepared and (b)
polypyrrole-modified PS samples.

nearly linear behavior of PL quenching response with
concentration, for higher analyte concentrations the saturation
of PL response was observed.

The quenching response from polypyrrole-modified PS was
substantially changed in case of alcohols. For methanol, we
observed very small PL quenching response, time evolution
was similar to standard PS. Starting with ethanol the response
from surface modified PS differs in two ways: (1) In the
presence of small concentrations of 1-pentanol, we observed
permanent photoluminescence enhancement. (2) For higher
concentrations of 1-pentanol, we observed PL enhancement
followed by PL quenching. In Fig. 3a and b, there are depicted
photoluminescence responses for as-prepared and polypyrrole-
modified PS to various amounts of 1-pentanol.

In order to compare the quenching strength and better
understand the dependence of PL response from our PS sensor
elements as a function of concentration, we depicted Stern—
Volmer plots for the set of studied analytes (Fig. 4). For
standard PS, we can see nearly linear behavior for low
concentrations of analyte, for polypyrrole-modificd PS sub-
stantially modified responses were observed. The quenching
response of methanol was very low even at relatively high
concentrations, starting with ethanol a PL enhancement was
observed. The concentration interval of PL enhancement was
continuously narrowing with the length of alcohol (Fig. 4b).

The primary mechanism responsible for photoluminescence
quenching of standard macroporous PS employs phenomena of
exciton dielectric quenching and capillary condensation
[14.15]. According to this mechanism, PL intensity is reduced

by the presence of analyte inside porous matrix—the quench-
ing is higher for analytes with higher diclectric constant and for
higher analyte concentration. The concentration of analyte
inside porous matrix is controlled by the thermodynamic
equilibrium and in the first approximation can be estimated by
saturated vapor pressure. This model explains very well the PL
quenching behavior of standard PS [16]. For polypyrrole-
modified porous silicon, the analyte concentration inside
porous matrix strongly depends on interactions between
analyte and polypyrrole layer. On the basis of the chemical
structure and morphology of electrodeposited polypyrrole [8]
and studied analytes, we can suppose that the primary
interaction between alcohol and polypyrrole-modified PS is
polar interaction between OH group ot alcohol and N-H and
C=0 groups in a typical polypyrrole chain. The polarity of
alcohols decreased with the length of the carbon chain that
corresponds to decreasing interaction between polypyrrole and
alcohol molecules and improvement of analyte penetration
inside porous silicon matrix. Polypyirole-modified PS there-
fore enables discrimination of polar molecules that improves
selectivity for polar analytes in sensor arrays applications.

The PL enhancement of polypyrrole-modified PS can be
explained by two effects—swelling of the polymer film and
decrease of polypyrrole conductivity due to analyte adsorption.
The first effect would enhance excitation cfficiency of the PS
layer, the second one would improve quantum efticiency of PS
photoluminescence. To elucidate the role of thesc effects will
be the task of further study.

0 25 50 75 100
305 T 184 73.06° " 6.12 '
tug/ml ng/ml ug/mi ng/mi

25} | | | |
20+
154+
3 1-pentanol
S, standard PS
> 1.0 —a
2 12 122 84 245 305
% Fug/mi - pg/ml ug/mt - pg/mi ug/ml
£ 0 |
£ 'r) | 8 |
6F
51
r 1-pentanol
4 - PPy modified PS
3 b " 1 1 1 1
(¢} 25 50 75 100
time [min])

Fig. 3. Variations of photoluminescence intensity near PL maximum during
sensing of 1-pentanol vapors at various concentrations with (a) as-prepared and
(b) polypyrrole-modified PS samples.
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Fig. 4. Stem Volmer plots for water vapors and lincar Cy - Cq alcohols for (a) as-prepared and (b) polypyrrole-modified PS samples.

Another objective for modification of PS with polypyrrole
layer was a search for improvement of operational stability of
our PL-based sensor elements. In g, 3, there are PL spectra
(uncorrected) of standard PS and polypyrrole-modified PS after
preparation and after about S0 h of operation. For standard PS
sample, we observed a blue shift of PL spectrum, for
polypyrrole-moditicd PS sample a shight namowing of PL
spectrum. The blue shift of PL spectrum of standard PS was
connected with slow surface oxidation and was accompanied
with the decrease of PL intensity. Long-time PL intensity in
case of polypyrrole-modificd PS behaved in opposite manner,
The electrodeposited polypyrrole layer absorbs part of excita-
tion light reaching the PS matrix as well as part of
photoluminescence emitted from the sample the total PL
intensity from the surface-modified PS sample was several

times lower. During the operation of polypyrrole-modified PS
element, the enhancement of PL intensity 1s connected with the
degradation of polypyrrole layer.

4. Conclusion

We can conclude that polypymrole-moditied porous silicon
substantially modifics photoluminescence quenching response
in the presence of analytes in gas phase as compared to
standard porous silicon. For standard porous silicon, we
observed  Stern—Volmer behavior for all studied analytes
except for higher analyte concentrations. For polypyrrole-
moditied porous silicon. we observed strong discrimination of
PL response for polar alcohols. Alcohols strongly interacted
with polypyrrole layer, the interaction decreases with the length
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Fig. 5. Photoluminescence spectra of (a) as-prepared and (b) polypyrrole-modified PS samples after preparation and atter 50 h of sensor measurement (excitation

wavelength 375 nm)
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of alcohol chain. For alcohols starting from ethanol, photo-
luminescence enhancement was observed for low analyte
concentrations that we attributed to the enhancement of
polypyrrole layer transparency most probably due to polymer
swelling. The interval of the PL enhancement decreases with
the decrease of alcohol polarity. Opcrational stability of
standard PS sample revealed degradation of PL intensity due
to slow PS surface oxidation, operational stability of poly-
pyrrole-modified PS was primarily determined by the degra-
dation of polypyrrole layer.
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Simultaneous measurement of photoluminescence intensity and photoluminescence decay time of porous
silicon was used for optical detection of chemical species in gas phase. For the studied set of analytes we
observed quenching of photoluminescence intensity and shortening of photoluminescence decay time
scale with the analyte concentration. Simultaneous acquisition of photoluminescence intensity and photo-
luminescence decay time enabled to improve reliability of the sensor response measurements. Different
sensor sensitivity of photoluminescence intensity and decay time to the presence of chemical species
makes possible to discriminate between various classes of organic molecules.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Porous silicon (PS) is of great interest in sensing of chemical species due to its material compatibility
with silicon microelectronics. The most frequently used sensor parameters are photoluminescence (PL)
intensity, electrical conductance and capacitance, and intensity of reflected light from thin porous silicon
samples [1]. When measuring the photoluminescence sensor response the intensity is most frequently
used measurand [2]. On the other hand, photoluminescence intensity from the detecting material in prac-
tical applications often suffers from variations of many parameters like excitation light intensity and
unavoidable photodegradation of the material connected with change of molar absorption coefficient and
luminescence quantum yield. The latter problem is much more severe with a reactive material like po-
rous silicon. Many of these problems can be avoided by photoluminescence decay time-based detection
[3, 4]. In our work we used simultaneous measurement of photoluminescence intensity and photolumi-
nescence decay times for sensing of various organic molecules in gas phase. Simultaneous detection two
measurands improves sensing reliability and offers additional information for possible discrimination
between detected analytes.

2 Experimental
Porous silicon samples were prepared by anodic etching of crystalline silicon (boron doped, (100) orien-

tation, p~10 Qcm) in a HF(50%):ethanol(96%)=1:2.5 mixture for 30 min at current density of 10 mA
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cm-2. Measurements were performed in a photoluminescence setup adapted for gas phase measurements.
For excitation we used square wave modulated light from UV LED ((A=375 nm, P~ImW cm-?). PS
sample was placed in a bulk optode where controlled amounts of various analytes in nitrogen stream
were introduced. PL from the PS sample was analyzed in a 20 cm monochromator (Jobin Yvon HRT20),
detected by a photomultiplier (Hamamatsu R3896). After amplification in a current preamplifier (Stan-
ford SR570) signal was simultaneously processed by a Lock-in Amplifier (SR830) and by a 500 MHz
digital oscilloscope (Tektronix TDS 3052B).

Membrane pump

161 DAQ GPIB
1]

S
~ Valve Lock-in
) T 1] 000
c Trigger ggg
urrent
preamplifier Chanel1 I'575 0 oo
Glass fiber Oscilloscope
Pulse o
generator Photomultiplier
| oo Monochromator

Fig. 1 Experimental sctup for simultaneous measurement of photoluminescence intensity and photoluminescence
decay time.

3 Results and discussion

Photoluminescence from standard porous silicon sample is quenched in the presence of chemical species.
In Fig. 2 there are typical responses of PL intensity when various amounts of ethanol were introduced
into the optode.

291258 644 1288 2576 12882
pM uM uM M uM Fig. 2 Photoluminescence intensity from porous
I J l I l silicon for various concentrations of ethanol in gas
phase. excitation wavelength %..=375 nm. photo-
— 20 luminescence wavelength Ap =700 nm.
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We observed quenching of photoluminescence intensity from standard porous silicon samples after in-
jection of the studied analytes. In this study we will preset results for nonpolar hydrocarbons (hexane),
chloroderivatives (chloroform), aromatic molecules (benzene, toluene and xylene), linear alcohols and
water.

Photoluminescence decay time of porous silicon is another parameter that depends on the presence of
chemical species [5]. In Fig. 3 there are time scans of PL intensity after switching off the excitation pulse
for various concentrations of ethanol in gas phase. Decay curves presented here were taken during simul-
taneous acquisition of the PL intensity in Fig. 2. Curves are normalized as with increasing the ethanol
concentration photoluminescence intensity from porous silicon was quenched.

1.0 jon Fig. 3 Photoluminescence decay curves for
£ A - without ethanol various concentrations of ethanol in gas phase.
c B- 257.6 uM ethanol Excitation wavelength A =375 nm. photolumi-
S 08 L C- 1288.2 uM ethanol nescence wavelength Ap =700 nm.
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2 06|
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_
O o4t
o
@
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©
€ o2}
o
pd
0.0k

T 1
100 M 200
Relative time [us]

Decay times were evaluated by fitting the decay curves by stretched exponential [6]:

](1):](O)exp[—(%)ﬁJ ()

with the parameter [3-0.79. Parameter 3 was determined from the fitting of the whole set of measured
decay curves for a given PS sample using equation 1. From the fits the median value of B was deter-
mined and fixed for the decay time evaluation of the specific sample. Photoluminescence decay time
shortening with increasing gas phase concentration of analyte in the system was observed for all the
studied samples.

To compare the magnitude of the photoluminescence intensity quenching and photoluminescence decay
time shortening we depicted the both sensor PL response parameters as a function of analytes concentra-
tion. Analyte concentration was expressed by means of units scalable with the number of molecules in a
volume unit — molar concentration of analyte in gas phase. Concentration dependence of photolumines-
cence quenching and photoluminescence decay responses are in Fig. 4a. Similar curves were observed
for other analytes. We observed small changes of PL parameters for nonpolar hydrocarbons and alkyl
halides, medium responses for water and aromatic compounds and strong response for linear alcohols
(rising with the length of alcohol chain).

To demonstrate extended information obtained by simultaneous measurements of PL intensity and PL
decay time, we can notice sensor responses in Fig. 4a at gas phase concentration of about 0.6 mM. The
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obtained values of PL. sensor responses obviously correspond to a lower value of analyte concentration.
Simultaneous detection of two parameters makes possible to immediately identify experimental errors.
Further information we obtained when we depicted sensitivities (positive values of the slope of the linear
part of the concentration dependence) of both PL parameters in one figure. From Fig. 4b it follows that
studied aromatic compounds are more sensitive when detecting PL decay shortening as compared to
aliphatic hydrocarbon derivatives. This behaviour represents a new possibility for enhancement of the
sensor response selectivity to various groups of organic molecules. Another interesting feature is nearly
linear correlation between the sensitivities of PL sensor responses in a homological set of linear alcohols.
Further improvement in selectivity of photoluminescence response can be expected for porous silicon
sensors with various surface chemical modification.

0.7 26 20
r 1 toluene 1-propanol
06| 124 . P ﬁi
L 151 *
o 12w -xylene
£ - N p-xy
5 =
S 04} @
5 V4 © 420 € E
5, ~ O Y =
g 03¢ Je 8] - |8
= 2 - g a ethanol
o 02}k _ =
o -—
i — {16 & 5 ©
01 1 water
T » v * o methanol
o) 0 1 A S TN SN USRS SR B ﬁ\hexanfla . .
00 02 04 06 08 10 12 14 OO 0 B 05 10 * 15
concentration [mM] 1
S, [mM ]
a b
Fig. 4 (a) Concentration dependence of relative photoluminescence quenching and photoluminescence decay time

for a standard porous silicon sample. (b) Correlation between sensitivity of photoluminescence quenching S and
photoluminescence decay time shortening S, for selected analytes.

4. Conclusions

Simultaneous measurement of photoluminescence intensity and photoluminescence decay time of porous
silicon in the presence of various amounts of organic substances in gas phase was demonstrated. Dual
detection of PL parameters enabled to improve detection reliability and revealed new possibility for
enhancement of the sensor response selectivity to various groups of organic molecules
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Porous silicon surface was modified by photochemically activated hydrosilylation reaction with per-
methyl-6"-alkenoylamino-6'-deoxy-B-cyclodextrins. In the presence of controlled amounts of various or-
ganic molecules in gas phase photoluminescence response from this derivatized porous silicon revealed
formation of host-guest complexes between -cyclodextrin and detected molecules. The strongest modifi-
cation of photoluminescence response was observed for aromatic compounds that have optimal molecular
size for strong interaction with f3-cyclodextrin cavity. For low concentrations of aromatic molecules we
observed PL enhancement most probably due to electron transfer from f3-cyclodextrin-analyte complex to
porous silicon. For higher concentrations — after saturation of the f-cyclodextrin sites — a combined re-
sponse with dominant PL. guenching was observed.

T 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Porous silicon (PS) is a material, the properties of which are strongly affected by the state of its surface.
Small amounts of various molecules substantially modify photoluminescence from porous silicon. This
phenomenon is used for construction of chemical sensors [1]. Standard porous silicon with Si-H bonds
terminated surtface reveals quenching of porous silicon photoluminescence. Sensor response in gas phase
measurements depends on the amount of detected molecules in gas phase, their quenching strength and
equilibrium concentration inside the porous silicon matrix [2]. Long-term photoluminescence-based
sensing of porous silicon leads to slow surface oxidation and baseline drift. An improvement of opera-
tional stability as well as sensor selectivity for various groups of organic molecule is therefore the issue
of the highest importance. Both tasks can be accomplished by an attachment of organic compounds with
molecular recognition properties [3]. In our study we used photochemically induced hydrosilylation
reaction [4] for attachment of cyclodextrine derivatives. Cyclodextrins (CD) are cyclic oligosaccharides
composed of D-glucopyranose units connected by a(1-—4) glycosidic bonds. The internal cavity of CD
molecules enables size-dependent molecular recognition via host-guest interaction, the size of B-CD
internal cavity is suitable for detection of simple aromatic compounds [5]. We studied PL behaviour of
standard and -CD modified PS in the presence of various groups of organic analytes in gas phase. For
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B-CD modified porous silicon we observed size-dependent PL response due to formation of host-guest
complexes between CD cavity and detected analyte.

2 Experimental

Permethyl-6l-alkenoylamino-6I-deoxy B-cyclodextrins with various spacer lengths were synthesized
from 6l-amino-61-deoxy-f-cyclodextrin by a reaction with corresponding w-alkenoic acid using diiso-
propylcarbodiimide as a coupling reagent. The obtained intermediates were purified by chromatography
in the form of peracetate and finally permethylated using sodium hydride and methyl iodide. 6'-amino-6'-
deoxy-P-cyclodextrin was prepared from B-cyclodextrin (Wacker) via procedure described in [6].

Macroporous silicon samples were prepared by electrochemical etching of crystalline silicon ((100),
boron doped, p~10 Qcm) in a HF(50 %): ethanol (96 %) = 1:2.5 mixture at current density of 10 mA
cm-° for 60 min. After fabrication PS samples were rinsed with ethanol, CH,Cl, and immediately deri-
vatized with permethyl-6'-heptenoylamino-6'-deoxy B-cyclodextrin in a 5 wt. % solution in CH,Cl, via
photochemically induced hydrosilylation reaction for 1.5 hour. For excitation we used 365 nm line of

500 W mercury lamp.
OR
o Fig.1. Scheme of hydrosilylation reaction and
M o A .
RN (\/);% o0 RO structure of 3-CD derivative used for attach-
o RO OR ment on PS surface.
0]
N

6
o RO - OR.O
R = -CH, RO
0RO

O R
O=
RO 6 )
H H » H 5
' | 5% solution in CH,Cl, |
— Si—— Si— UV radiation — Si—— Si—

Photoluminescence sensor response of porous silicon samples was measured with an adapted lumines-
cence set-up [7]. PL from PS sample was excited with a UV LED (A=375 nm, P~ImW cm), collected
by means of a glass fibre, analyzed in a 20 cm monochromator and detected by a photomultiplier. Signal
was processed by a Lock-In amplifier. PS sample was placed in an optode where precisely controlled
amounts of analytes were introduced. The injection system operated with nitrogen as a carrier gas.

3 Results and discussion

Photoluminescence of as prepared porous silicon is quenched in the presence of chemical species. The
magnitude of PL quenching depends on the concentration of detected analyte. In Fig. 2 there are photo-
luminescence intensity responses of as prepared PS in the presence of various amounts of organic sub-
stances in gas phase. We observed concentration-dependent PL quenching behaviour for both aliphatic
(Fig.2a) and aromatic (Fig.2b) compounds. The PL quenching can be explained by dielectric quenching
phenomenon due to capillary condensation of analyte inside the porous matrix [2]. Significant difference
was observed in baseline drift. As prepared porous silicon surface is terminated with Si-H bonds and we
can see that during PL based detection of alcohols continuous baseline degradation due to PS oxidation
took place (Fig.2a). For aromatic compounds we observed opposed baseline drift - a slight enhancement
of PL intensity above the baseline level followed with very slow (time constant of hours) recovery to
initial baseline level. The partial PL. enhancement after desorption of aromatic molecules from porous
silicon pores is most probably caused by temporal passivation of non-radiative centres. This behaviour
was not observed for PL quenching of porous silicon in liquid phase detection of aromatic molecules [8].
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Fig.2. Responses of photoluminescence intensity at 700 nm to various amounts of (a) ethanol and (b) p-xylene for
as prepared PS.

3-CD modified PS revealed a combined response with both PL quenching and PL enhancement. In Fig.
3 there are PL sensor responses of 3-CD moditied PS to various amounts of ethanol and p-xylene. For
small aliphatic molecules like ethanol (Fig.3) we always observed PL quenching accompanied with tem-
poral PL baseline enhancement in course of analyte removal. The level off to the original baseline level
depended on the type of detected analyte. Level off time constant for aliphatic molecules varied between
minutes and tenths of minutes. On the other hand, for low concentrations of aromatic molecules (Fig. 3b)
only PL enhancement with a shift to a higher baseline level was observed. In this concentration range no
baseline shift to initial level was observed during replacement of analyte with pure nitrogen. At higher
concentrations of aromatic molecules PL. quenching of B-CD modified PS was observed. Subsequent
purging the system with pure nitrogen lead to temporal enhancement of PL baseline level with very slow
decay to a new (higher) PL baseline level.
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Fig.3. Responses of photoluminescence intensity at 700 nm to various amounts of (a) ethanol and (b) p-xylene for p-
CD modified PS.
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From observed differences in PL responses of standard and 3-CD modified PS in the presence of organic
molecules we can conclude that a host-guest interaction between detected analytes and B-CD cavity take
part in the mechanism of sensor response. It is obvious that complex thermodynamic equilibria between
analyte and both PS matrix and attached B-CD molecules of 3-CD modified PS are responsible for the
resulting gas phase sensor response. The most probable mechanism behind the permanent PL enhance-
ment for low analyte concentrations is efectron transfer from analyte-B-CD complex to the porous silicon
matrix. After saturation of 3-CD sites with detected molecules a PL quenching was observed due to
penetration of excess of analyte inside porous matrix. Baseline levelling off after analyte removal de-
pends on the strength of analyte-f-CD complex.

To compare the strength of host-guest interaction of various analytes and B-CD modified PS, we de-
picted a plot of concentration dependence of relative PL quenching. In Fig.4 there are concentration
dependencies of relative PL. quenching for detected aromatic molecules and compared with the response
for an aliphatic compound. We can see that all aromatic molecules exhibited a PL enhancement in low
concentration range and for higher concentrations a PL quenching was observed. We can conclude that
enhancement of PL from PS during sensing of organic molecules is maximal when the size of detected
molecules matched the size of B-CD cavity.

Fig.4. Concentration dependence of relative
—5— benzene - photoluminescence quenching AI/I0 for 1 :-CD

10 b modified PS. PL enhancement indicates strong
—u—toluene host-ouest i i cen analvte and
. : ost-guest interaction between analyte and -

3 ©T p-xylene CD cavity.

—0— ethanol

(- D1y [%]

0.0 0.2 04 0.6 0.8
concentration [mmol/dma]

4  Conclusions

1. PS surface was modified with via photochemically induced hydrosilylation reaction with permethyl-
6'-alkenoylamino-6'-deoxy-f-cyclodextrins.

2. PL response of 3-CD modified porous silicon depends on the size of detected molecules. Linear ali-
phatic alcohols do not interact strongly with $-CD cavity and PL response is modified only slightly
as compared to that of as-prepared porous silicon

3. Simple aromatic molecules interact strongly with 3-CD cavity. At low concentrations a net PL en-
hancement was observed. The mechanism of this PL enhancement is most probably electron transfer
from analyte-f-CD host-guest complex to the porous silicon matrix. At higher concentrations — after
saturation of B-CD sites - analyte penetrated into the porous silicon matrix and combined response
with dominant PL. quenching was observed.
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5 Komentar vysledki vybranych publikaci

Vysledky prace lze rozdélit do tii tematickych okruhii. V prvnim jsou publikace, ve
kterych byl studovan a vysvétlen mechanismus intenzitni fotoluminiscenéni senzorové
odezvy porézniho kiemiku pro analyty v plynné a kapalné fazi. DalSi publikace
popisuji  vliv  funkcionalizace  povrchu porézniho  kifemiku na intenzitni
fotoluminiscencéni senzorovou odezvu. Tieti okruh tvofi publikace. které se zabyvaji
moznosti zlep$it sclektivitu senzoru souc¢asnym sledovanim dvou fotoluminiscencnich
parametru - soucasn¢ byla méfena zména intenzity fotoluminiscence a zkracovani
doby dohasinani fotoluminiscence v piitomnosti par modelové rfady analyt.

Pro m¢ieni byly piipraveny vzorky porézniho kiemiku vhodné morfologie emitujict
dostate¢n¢ intenzivni fotoluminiscenci ve viditelné oblasti spektra (s maximem okolo

700 nm).

Fotoluminiscen¢ni senzorova odezva porézniho kifemiku v plynné a kapalné fazi
Pti sledovani rozdilu mezi koncentracni zavislosti senzorové odezvy standardniho
(chemicky neupravovancého) porézniho kiemiku v plynné a kapalné tazi bylo zjisténo,
ze se od scbe tyto zavislosti pro modelovou fadu n-alkoholt vyznamné lisi. Zatimco
v plynné fazi citlivost senzorové odezvy s délkou alifatického fetézce rostla, v roztoku
byla zavislost opac¢na. Pro vysvétleni byly navrzeny tyto dva mechanismy.
Mechanismus. ktery se uplatiiuje v roztoku. se nazyva .diclektrické zhaSeni™.
Pravdépodobnost  zaiivé  rekombinace  excitonu  zavisi na  velikosti  efektivni
diclektrické konstanty v porech porézniho kiemiku. Se zvySujici se dielektrickou
konstantou klesa Coulombicka sila mezi elektronem a dirou a tim se zmenSuje
i pravdépodobnost jejich zafivé rekombinace. V plynné fazi ma rozhodujici vliv na
zhdseni  fotoluminiscence  skuteéné mmnozstvi analytu v porézni matrici. Redlna
koncentrace analytu je dana termodynamickou rovnovdhou a zdvisi na kapildrni
kondenzact analytu v porech porézniho kiemiku. Parametr vhodny k popisu zminéného

déje je v prvnim piiblizeni tenze nasycené pary nad kapalinou.
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Vliv  funkcionalizace povrchu porézniho kiemiku na fotoluminiscenéni
senzorovou odezvu v plynné fazi

Povrch porézniho kiemiku byl funkcionalizovan metodami fyzikalni adsorpce,
clektrodepozice polymerniho filmu a hydrosilylace. U takto ftunkcionalizovanych
vzorku byla méfena fotoluminiscencni senzorova odezva v zavislosti na koncentraci
par vybranych analytu.

Fyzikalni adsorpei byl na povrch porézniho kiemiku nanesen ftalocyanin
kobaltnaty. Funkcionalizovany vzorck porézniho kfemiku vykazoval vy$si operaéni
stabilitu diky ochran¢ reaktivnich Si-H skupin velkymi molekulami ftalocyaninu.
U funkcionalizovaného vzorku v porovnani se standardnim vzorkem byla zjisténa nizsi
cithvost senzorové odezvy pro fadu n-alkoholu. Pomér citlivosti modifikovaného
vzorku ku citlivosti nemodifikovaného vzorku s délkou uhlikatého fetézce alkoholu
mirn¢ klesal. Dale byla pozorovano zrychleni fotoluminiscenéni senzorové odezvy
funkcionalizovan¢ho vzorku a zpomaleni navratu intenzity fotoluminiscence na
puvodni hladinu zapficinén¢ zmenSenim rozmérQ pora porézniho kiemiku.

Na povrch porézniho kiemiku byl elektrochemicky deponovan tenky film
polypyrrolu. Porovnanim infracervenych spekter vzorku pfed a po funkcionalizaci
vyplynulo. 7z¢  bchem  clektrodepozice  polymeru  vzorky ¢astecné zoxidovaly.
Nasledkem oxidace doslo ke zvySeni operacni stability senzorového prvku - nebyla
pozorovana dalsi vyrazna oxidace v pritb¢hu méfeni senzorové odezvy. Béhem méfeni
vSak bylo pozoroviano zvyseni fotoluminiscence vzorku souvisejici patrné se zménami
vrstvy polymeru. Pro méfeni senzorové odezvy v plynné fazi byla vybrana trada
n-alkoholu a voda. Vzorky s deponovanym polypyrrolem vykazovaly sniZzenou
citlivost na pary methanolu a vody v porovnani se vzorkem standardnim. V nizké
koncentraci vyssich alkoholu (ethanolu az 1-hexanolu) dochazelo u takto upravenych
vzorku dokonce kK mirnému narustu fotoluminiscence. Ke zhaseni fotoluminiscence
dochizelo az pii vyssich koncentracich n-alkoholu v systému. Tento jev lze vysvétlit
interakei mezi molekulami n-alkoholii a polarnimi funkénimi skupinami polypyrrolu
(N-H. O-H. (=0). S polaritou analytu se interakce zvySovala.

Na povrch porézniho kifemiku byl hydrosilylacni reakci kovalentné navazany
molekuly pcrmclh_\'l—()[—ulI\'cnonoylumino—6[—deoxy—B—cyklodextrinu. Nahrazeni ¢asti
vazeb Si-H vazbami Si-C vedlo ke stabilizaci povrchu porézniho kiemiku. Senzorova
odezva funkcionalizovan¢ho vzorku silné zavisela na tvaru a velikosti molekuly

analytu. Zatimco u n-alkoholt doslo pouze ke snizeni citlivosti fotoluminiscenéni
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senzorové odezvy. v onizkych koncentracich jednoduchych aromatickych slou¢enin
byla naméfena zapornd odezva - mirné zvySovani intenzity fotoluminiscence. Po
saturaci B-cyklodextrinu dochéazelo opét k rychlému zhaseni fotoluminiscence. Je tedy
zieymé, zc velikost interakce analytu s molekulou B-cyklodextrinu se vyrazné projevila
na modifikaci senzorové odezvy. Alifatické alkoholy interagovaly s kavitou
B-cyklodextrinu jen slabé. zatimco aromatické slouceniny byly zadrzovany v kavité
silné. ZvySovani intenzity fotoluminiscence je pravdépodobné zpusobené prenosem
elektronu 7z komplexu analyt-cyklodextrin do porézniho kiemiku.

K modifikaci senzorové odezvy doslo také po oxidaci vzorku porézniho kiemiku
a funkcionalizaci porézniho kiemiku methyl-10-undecenoatem. Citlivost senzoru se
opCt se snizila v zavislosti na délee alifatického fetézee n-alkoholu. Pravdépodobné se
zde rovnéz uplatnuje cfekt interakee polarnich funkénich skupin na povrchu porézniho
kfemiku s polarnimi skupinami analytu. Takto upraveny povrch porézniho kiemiku

vykazoval vyssi operacni stabilitu.

Lze tedy shrnout. 7¢ funkcionalizaci povrchu porézniho kiemiku dochazi ke zméné
jeho celkovych  fyzikalné-chemickych  vlastnosti.  Studované  funkcionalizované
povrchy porézniho kiemiku vzdy vykazovaly nizsi intenzitu fotoluminiscence oproti
srovnavacimu nemodifikovanému vzorku porézniho kiemiku a v mnoha pripadech
také doslo behem modifikace k posunu maxima fotoluminiscence ke kratsSim vlnovym
délkam diky casteené oxidaci. U chemicky upravenych povrchlt bylo pozorovano
zlepSeni  operacni - stability  projevujici  se menS$imi zménami  emisniho
fotoluminiscenéniho  spektra v porovnani  s¢  srovnavacim  vzorkem v priubéhu
n¢kolikadenniho méiend.

/Zmeéna fyzikdlné-chemickych vlastnosti ma vliv na selektivitu chemicky citlivé
vrstvy. Diilezita je predevsim zména polarity povrchu. Senzorovou odezvu ovliviiuje
také pritomnost latek schopnych molekulového rozpoznavani. Senzorova odezva je
vyznamn¢  modifikovina selektivni interakei téchto latek s nékterymi analyty.
Porovnanim citlivosti senzorové odezvy funkcionalizovanych povrcha s citlivostmi
standardniho povrchu porézniho kiemiku bylo zjisténo. ze dochazi vzdy pro nizké
koncentrace analvtu k poklesu citlivosti senzorové odezvy. Dulezité je. ze pro rizné
analyty z modelovych tad byla senzorova odezva modifikovana rizné — lisil se pribéh

koncentracni zavislosti senzoroveé odezvy.
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Zhaseni a dohasinani fotoluminiscence porézniho kifemiku v pritomnosti par
vybranych analytu

Dal$i moznosti jak zlepSit rozpoznavaci vlastnosti senzoru je méfeni vice
fyzikalnich velicin soucasne. V této praci bylo vyuzito moznosti soucasné¢ méfit zménu
intenzity  fotoluminiscence  a Casovou  konstantu dohasinani  fotoluminiscence
v zavislosti na koncentraci analytu. Rozdilné citlivosti senzorové odezvy ziskané
méfenim zmincénych parametrit pro malo polarni alifatické latky, aromatické
uhlovodiky a siln¢ polarni latky ndam umoziuji tyto skupin litek od sebe rozlisit. Navic
dudlni  méfeni  fotoluminiscenénch  parametrit  mize pomoci piimo odhalit

experimentdlni chyby.

Funkcionalizace  povrchu  porézniho  kfemiku  spolu  sdudlni  detekei
fotoluminiscencénich  parametri by mohly najit uplatnéni  predevsim v oblasti
senzorovych poli. kde nejsou na selektivitu kladeny tak vysoké pozadavky a lze zde
vyuzit vyhod snadn¢ integrace a miniaturizace senzorti vyrobenych z materialu na bazi

kfemiku.
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6 Zavér

Byly pripraveny a charakterizovany vzorky porézniho kiemiku definované
makroporézni struktury vhodné pro vyuziti v chemicky citlivych vrstvach chemického
senzoru.

S pripravenymi vzorky standardniho (chemicky neupravovaného) porézniho
kiemiku bylo provedeno méfeni  koncentracnich  zavislosti  fotoluminiscenéni
senzorové odezvy na pary vybranych alkoholii. Na zdkladé naméfenych dat byl
navrzen mechanismus zhaseni fotoluminiscence porézniho kiemiku jednoduchymi
organickymi latkami v plynné a kapalné fazi. V roztoku se uplatiiuje mechanismus
dielektrického zhaseni excitonu. V plynné fazi je tento mechanismus doplnén jevem
kapilarni kondenzace. ktery uréuje skutec¢nou koncentraci analytu v porézni matrici.

Byl provedeny funkcionalizace povrchu porézniho kiemiku adsorpei ftalocyaninu
kobaltnatého. elektrodepozici polypyrrolu. oxidaci a tvorbou vazby Si-C s permethyl-
6'-heptenoylamino-6'-deoxy-p-cyklodextrinem  a  methyl-10-undecenoatem.  Bylo
provedeno méieni koncentra¢nich zavislosti fotoluminiscenéni senzorové odezvy
porézniho kiemiku s funkcionalizovanym povrchem na pary vybranych organickych
rozpoustédel.

V dusledku modifikace chemicky citlivé vrstvy pouzitymi chemickymi latkami
doslo ke zméne sclektivity senzoru. Selektivitu citlivé vrstvy funkcionalizovaného
porézniho kiemiku vyrazné ovliviiuje piitomnost polarnich skupin, které maji vliv na
celkovou polaritu povrchu. Pokud jsou na povrchu porézniho kiemiku vazany latky
schopné molekulového rozpoznavani, senzorova odezva je vyrazné ovlivilovana také
interakci techto latek s n¢kterymi analyty.

Studované funkcionalizované povrchy porézniho kiemiku vzdy vykazovaly niZsi
intenzitu fotoluminiscence oproti standardnimu vzorku porézniho kfemiku. V mnoha
piipadech doslo bthem modifikace k posunu maxima fotoluminiscence ke kratSim
vinovym délkam diky ¢asteéné oxidaci povrchu. U moditikovanych povrchi porézniho
kremiku bylo pozoroviano zlepSeni operaéni stability.

Bylo provedeno soucasné méieni zmény intenzity fotoluminiscence a zkracovani
doby dohasinani fotoluminiscence v zavislosti na koncentraci analytu. Rozdilné
citlivosti senzorové odezvy ziskané méfenim zminénych parametri pro rizné skupiny

chemickych latck nam umoznuji tyto skupin od sebe rozlisit.
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8 Seznam zkratek a symbolu

ACuii zména koncentrace

AR zmdena signalu senzoru

Al plocha

Covvrrrreeie e koncentrace

Covri mez detekee

CD., cyklodextrin

B-CD.o [-cyklodextrin

Co"Peennnn.. ftalocyanin kobaltnaty (cobalt phthalocyanine)
DAQ............... Data Acquisition

Eo potencial

B energie

€l clektron

FTIR............. infrac¢ervend spektrometrie s Fourierovou transformaci
GPIB............. General Purpose Interface Bus

Ao Planckova konstanta

Lo intenzita fotoluminiscence po zhaseni
Loorooe intenzita fotoluminiscence zakladni linie signalu
IC.IR........... infracervend zareni

| ST proudova hustota

Koo vinovy vektor

Lo, Sitka potencialove jamy

LED............... luminiscenéni dioda (light-emitting diode)
Mot hmotnost

 FORORUIUUUP piirozené ¢islo

Pl fotoluminiscence (photoluminescence)
PPy.......o polypyrrol

PS. porézni kiemik (porous silicon)
Ro odezva senzoru

Sttt odhad smérodatné odchylky Sumu
So citlivost
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SIMS .

skenovaci  elektronova  mikroskopie  (Scanning  Electron
Microscopy)

hmotnostni spcktrometrie sekundarnich iontii (Secondary lon
Mass Spectrometry)

odhad smérodatné odchylky signalu

Cas

¢as dosazeni 50% velikosti signalu

¢as dosazeni 90% velikosti signalu

casovd konstanta: ¢as dosazeny 63.2% velikosti signalu
doba stabilizace

ultrafialové zareni

tloust’ka porézni vrstvy

redlné ¢islo

hladina vyznamnosti

disperzni faktor

deformacni vibrace

relativni diclektricka konstanta

konstanta pro vypocet citlivosti

vinova délka

valencni vibrace

[.udolfovo ¢islo

hustota

merny odpor

¢asova konstanta dohasinani fotoluminiscence

vinova funkce
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10 Priloha

Obr. 10.1 Aparatura pro elektrochemickou pripravu porézniho kiemiku.

Obr. 10.2 Vzorek porézniho kifemiku na dnim svétle (A) a fotoluminiscence

porézniho kiemiku pod UV lampou (B).
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Obr. 10.3 Snimky porézniho kiemiku pofizené skenovacim elektronovym

mikroskopem; pohled na povrch (A) a na fez (B) vzorkem porézniho kiremiku.
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Obr. 10.4 Aparatura pro provadéni funkcionalizace povrchu porézniho kiremiku

fotochemicky iniciovanou hydrosilylaéni reakei.
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Obr. 10.6 Fotoluminiscen¢ni sonda pro méfeni senzorové odezvy porézniho kiremiku

v kapalné fazi.
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