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Ó ðîáîòi çàïðîïîíîâàíî ìåðåæó áàãàòîøàðîâèõ âóãëåöåâèõ íàíîòðóáîê
(mwCNTs), îñàäæåíó íà øàð ïîðóâàòîãî êðåìíiþ (por-Si), ÿê ÷óòëèâèé åëå-
ìåíò ãàçîâîãî ñåíñîðà. Ïîðóâàòà ñòðóêòóðà íàíîñèñòåìè mwCNTs�por-Si
çàáåçïå÷ó¹ çáiëüøåííÿ ðîáî÷î¨ ïîâåðõíi ñåíñîðà. Âèÿâëåíî çáiëüøåííÿ åëå-
êòðè÷íîãî îïîðó òà ¹ìíîñòi ñåíñîðíèõ åëåìåíòiâ âíàñëiäîê àäñîðáöi¨ ìî-
ëåêóë àìiàêó, àöåòîíó òà åòàíîëó. Äëÿ îöiíêè ñåíñîðíèõ âëàñòèâîñòåé íà-
íîñèñòåìè mwCNTs�por-Si áóëî äîñëiäæåíî êîíöåíòðàöiéíi çàëåæíîñòi àä-
ñîðáöiéíî¨ çäàòíîñòi òà äèíàìi÷íi õàðàêòåðèñòèêè ðåçèñòèâíèõ òà ¹ìíiñíèõ
ñåíñîðiâ. ×àñ âiäãóêó îäåðæàíèõ ñåíñîðíèõ åëåìåíòiâ íà çìiíó êîíöåíòðàöi¨
ìîëåêóë àìiàêó, àöåòîíó òà åòàíîëó ñòàíîâèòü áëèçüêî îäíi¹¨ õâèëèíè ïðè
êiìíàòíié òåìïåðàòóði. Îòðèìàíi ðåçóëüòàòè ðîçøèðþþòü ïåðñïåêòèâó çà-
ñòîñóâàííÿ mwCNTs ó ñåíñîðíèõ ïðèñòðîÿõ.

Êëþ÷îâi ñëîâà: íàíîñèñòåìà, âóãëåöåâi íàíîòðóáêè, ïîðóâàòèé êðåìíié,
ãàçîâèé ñåíñîð, àäñîðáöiéíà çäàòíiñòü.

1 Âñòóï

Ðîçðîáêà íåäîðîãèõ i íàäiéíèõ ãàçîâèõ ñåíñîðiâ ¹ âàæëèâîþ óìîâîþ äëÿ ¨õ øè-
ðîêîãî çàñòîñóâàííÿ ó ïîáóòi òà ïðîìèñëîâîñòi, â íàóöi òà ìåäèöèíi, äëÿ êîíòðîëþ
ÿêîñòi ïðîäóêòiâ i ìîíiòîðèíãó íàâêîëèøíüîãî ñåðåäîâèùà [1,2]. Ñåðåä íèõ îñîáëè-
âå ìiñöå çàéìàþòü ñåíñîðè åêîëîãi÷íî íåáåçïå÷íèõ òà ëåãêîçàéìèñòèõ ãàçiâ, çîêðåìà
ëåòêèõ îðãàíi÷íèõ ñïîëóê. Ùîá ïiäâèùèòè ÷óòëèâiñòü òà ñåëåêòèâíiñòü ãàçîâèõ ñåí-
ñîðiâ ñüîãîäíi àêòèâíî äîñëiäæóþòüñÿ íàíîñòðóêòóðè òà êîìïîçèòíi íàíîìàòåðiàëè
ç íàäâèñîêîþ ïèòîìîþ ïîâåðõíåþ [3�6]. Òàêèé ïiäõiä âiäïîâiäà¹ îñíîâíèì íàïðÿìàì
ðîçâèòêó ñåíñîðíî¨ åëåêòðîíiêè, ÿêi ïî¹äíóþòü áàçîâi ïðèíöèïè òà òåõíîëîãi¨ ìiêðî-
åëåêòðîíiêè i òåíäåíöiþ ìiíiàòþðèçàöi¨ òà iíòåëåêòóàëiçàöi¨ ñåíñîðíèõ ïðèñòðî¨â.

Íàäçâè÷àéíî ïåðñïåêòèâíèìè â îáëàñòi ñåíñîðíî¨ åëåêòðîíiêè ¹ âóãëåöåâi íàíî-
òðóáêè (carbon nanotubes, CNTs). Çàâäÿêè âèñîêié ÷óòëèâîñòi äî ìîëåêóë NO2, Í2,
H2S, NH3, CO, âîäÿíî¨ ïàðè òà ïàðè âåëèêî¨ êiëüêîñòi ëåòêèõ îðãàíi÷íèõ ñïîëóê
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CNTs ïðèâåðíóëè óâàãó áàãàòüîõ äîñëiäíèêiâ [7�10]. Åëåêòðîõiìi÷íi òà àäñîðáöiéíi
âëàñòèâîñòi CNTs çóìîâëåíi ¨õ ñòðóêòóðíèìè îñîáëèâîñòÿìè, çà ÿêèõ âñÿ ìàñà íà-
íîòðóáîê çîñåðåäæåíà ó ïîâåðõíåâèõ øàðàõ [11]. Êðiì òîãî, åëåêòðîííi âëàñòèâîñòi
CNTs � íàïiâïðîâiäíèêîâi ÷è ìåòàëi÷íi � âèçíà÷àþòüñÿ ¨õ õiðàëüíiñòþ [12]. ßê íàñëi-
äîê, ïîäiáíî äî íàïiâïðîâiäíèêîâèõ ñåíñîðiâ àäñîðáöiþ ãàçîâèõ ìîëåêóë ìîæíà ðå¹-
ñòðóâàòè çà çìiíîþ åëåêòðîïðîâiäíîñòi àáî ¹ìíîñòi íàíîòðóáîê. Ç ìåòîþ ïîêðàùåí-
íÿ ñåíñîðíèõ âëàñòèâîñòåé íàíîòðóáêè ÷àñòî ïî¹äíóþòü ç iíøèìè íàíîìàòåðiàëàìè,
íàïðèêëàä, CNTs îñàäæóþòü àáî âèðîùóþòü íà ïîâåðõíi ïîðóâàòîãî êðåìíiþ (por-
Si) [13, 14]. Íàíîñòðóêòóðè por-Si, ÿêi õàðàêòåðèçóþòüñÿ âèñîêèì ñïiââiäíîøåííÿì
ïîâåðõíi äî îá'¹ìó, òàêîæ âèÿâèëèñÿ êîðèñíèìè â ãàçîñåíñîðíèõ ñèñòåìàõ [15�17].
Äëÿ âèÿâëåííÿ ãàçó âèêîðèñòîâóâàëè çìiíó ðiçíèõ õàðàêòåðèñòèê por-Si, à ñàìå ïî-
êàçíèêà çàëîìëåííÿ, ñïåêòðó âèäèìî¨ ôîòîëþìiíåñöåíöi¨, åëåêòðè÷íîãî îïîðó òà
¹ìíîñòi. Ðå¹ñòðàöiÿ îñòàííiõ ¹ íàéïðîñòiøèì ñïîñîáîì ðåàëiçàöi¨ ãàçîâîãî ñåíñîðà.
Êðiì òîãî, ðîçãàëóæåíà ìåðåæà ïîð ¹ iäåàëüíîþ îñíîâîþ äëÿ âïðîâàäæåííÿ ó ïîðó-
âàòèé øàð íàíî÷àñòèíîê ðiçíî¨ ïðèðîäè [18�21]. Îñàäæåíi íà ïîâåðõíþ por-Si CNTs
ìîæóòü ÷àñòêîâî ïðîíèêàòè ó ïîðè òà ôîðìóâàòè áiëüøó ìåðåæó íàíîòðóáîê, íiæ
íà ïëîñêié ïîâåðõíi, çáiëüøóþ÷è ó òàêèé ñïîñiá ÷óòëèâiñòü ñåíñîðíîãî åëåìåíòà.

Òîìó ìåòà ðîáîòè ïîëÿãàëà ó ñòâîðåííi ñåíñîðíèõ åëåìåíòiâ íà îñíîâi ìåðåæi áà-
ãàòîñòiííèõ CNTs (mwCNTs), ñôîðìîâàíî¨ íà ïîâåðõíi øàðó por-Si. Îñîáëèâà óâàãà
áóëà çîñåðåäæåíà íà âèâ÷åííi ãàçîàäñîðáöiéíèõ âëàñòèâîñòåé îäåðæàíèõ íàíîñèñòåì
äëÿ ïiäâèùåííÿ ¨õ ôóíêöiîíàëüíèõ ìîæëèâîñòåé.

2 Åêñïåðèìåíò

ßê îñíîâó ñåíñîðíîãî åëåìåíòà áóëî âèêîðèñòàíî íàíîñòðóêòóðîâàíèé por-Si,
îäåðæàíèé ìåòîäîì åëåêòðîõiìi÷íîãî òðàâëåííÿ êðåìíi¹âî¨ ïëàñòèíè òîâùèíîþ 400
ìêì ç êðèñòàëîãðàôi÷íîþ îði¹íòàöi¹þ [100] â åëåêòðîëiòi íà îñíîâi ôòîðèñòîâîäíå-
âî¨ êèñëîòè ç ñïiââiäíîøåííÿì êîìïîíåíòiâ HF:C2H5OH = 1:1. Äëÿ ïiäâèùåííÿ åôå-
êòèâíîñòi óòâîðåííÿ ïîð ðîáî÷ó ïîâåðõíþ êðåìíi¹âî¨ ïëàñòèíè îñâiòëþâàëè ëàìïîþ
ðîçæàðåííÿ ïîòóæíiñòþ 500 Âò. Ó ðåçóëüòàòi åëåêòðîõiìi÷íîãî òðàâëåííÿ óïðîäîâæ
10 õâ ïðè ãóñòèíi àíîäíîãî ñòðóìó 30 ìÀ/ñì2 íà êðåìíi¹âié ïiäêëàäöi ôîðìóâàâñÿ
ìàêðîïîðóâàòèé øàð por-Si. Ïiñëÿ ïðîìèâàííÿ ó äèñòèëüîâàíié âîäi òà âèñóøóâàííÿ
íà ïîâiòði îäåðæàíó ñòðóêòóðó áóëî ðîçäiëåíî íà åêñïåðèìåíòàëüíi çðàçêè ðîçìiðîì
6× 6 ìì.

Âîäíó ñóñïåíçiþ mwCNTs äiàìåòðîì 50-80 íì âèðîáíèöòâà US Research
Nanomaterials Inc ç êîíöåíòðàöi¹þ 0,5 ìã/ìë ïiñëÿ óëüòðàçâóêîâî¨ îáðîáêè óïðî-
äîâæ 20 õâ íàíîñèëè íà ïîâåðõíþ por-Si òà âèñóøóâàëè çà êiìíàòíî¨ òåìïåðàòóðè.
Åëåêòðè÷íi êîíòàêòè ñåíñîðíîãî åëåìåíòà ïëàíàðíîãî òèïó áóëî ñôîðìîâàíî òåð-
ìîâàêóóìíèì îñàäæåííÿì ïëiâêè Ag òîâùèíîþ ïðèáëèçíî 0,5 ìêì íà âiäñòàíi 2 ìì
îäèí âiä îäíîãî, ÿê öå ñõåìàòè÷íî çîáðàæåíî íà ðèñ. 1. Ïîâåðõíÿ îäåðæàíî¨ íàíîñè-
ñòåìè áóëà äîñëiäæåíà çà äîïîìîãîþ ñêàíóþ÷îãî åëåêòðîííîãî ìiêðîñêîïó (ÑÅÌ)
�Selmi�.

Ñåíñîðíi âëàñòèâîñòi ìåðåæi mwCNTs íà ïîâåðõíi por-Si äîñëiäæóâàëè ó ãåð-
ìåòè÷íié êàìåði ç êîíòðîëüîâàíèì ãàçîâèì ñåðåäîâèùåì. Äëÿ äîñëiäæåíü âèêîðè-
ñòîâóâàëè åêîëîãi÷íî âàæëèâi ãàçè: àìiàê, àöåòîí òà åòàíîë ó ãàçîïîäiáíîìó ñòàíi.
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Ðèñ. 1: Ñõåìà ïëàíàðíîãî ñåíñîðíîãî åëåìåíòà íà îñíîâi íàíîñèñòåìè mwCNTs�por-Si.

Êîíñòðóêöiÿ åêñïåðèìåíòàëüíî¨ êàìåðè äà¹ çìîãó êîíòðîëüîâàíî çáiëüøóâàòè êîí-
öåíòðàöiþ àìiàêó ç êðîêîì 0,3%, à êîíöåíòðàöiþ àöåòîíó òà åòàíîëó ç êðîêîì 0,4
%. Çà äîïîìîãîþ ñåíñîðà �Honeywell� HIH-4000-004 äîäàòêîâî âèìiðþâàëè âiäíîñíó
âîëîãiñòü ïîâiòðÿ ó êàìåði, ÿêà ñòàíîâèëà 58�70 %. Åëåêòðè÷íèé îïið òà ¹ìíiñòü
îòðèìàíèõ ñåíñîðíèõ åëåìåíòiâ âèìiðþâàëè ïðè êiìíàòíié òåìïåðàòóði çà äîïîìî-
ãîþ RLC âèìiðþâà÷à Hantek 1833C íà ÷àñòîòi 1 êÃö.

3 Ðåçóëüòàòè òà ¨õ îáãîâîðåííÿ

Äîñëiäæåííÿ ìîðôîëîãi¨ ïîâåðõíi ñåíñîðíèõ åëåìåíòiâ íà îñíîâi íàíîñèñòåìè
mwCNTs�por-Si ïðîâîäèëè ç âèêîðèñòàííÿì ÑÅÌ ó ðåæèìi âòîðèííèõ åëåêòðîíiâ
(ðèñ.2). Íà îñíîâi àíàëiçó ÑÅÌ-çîáðàæåíü ïðè ðiçíèõ çáiëüøåííÿõ âñòàíîâëåíî, ùî
ïiñëÿ âèñèõàííÿ îñàäæåíî¨ ñóñïåíçi¨ íà ïîâåðõíi por-Si óòâîðþ¹òüñÿ íåâïîðÿäêîâàíà
i íåîäíîðiäíà çà ùiëüíiñòþ ìåðåæà íàíîòðóáîê. Ç ðèñ. 2 ìîæíà çðîáèòè âèñíîâîê,
ùî óëüòðàçâóêîâà îáðîáêà ñóñïåíçi¨ mwCNTs óïðîäîâæ 20 õâ çàáåçïå÷ó¹ äîñòàòíié
ñòóïiíü äèñïåðãóâàííÿ íàíîòðóáîê, ÿêèé çàáåçïå÷ó¹ ¨õ åôåêòèâíå ïðîíèêàííÿ ó ìà-
êðîïîðè por-Si, àäæå äëÿ çàñòîñîâàíèõ òåõíîëîãi÷íèõ óìîâ åëåêòðîõiìi÷íîãî òðàâ-
ëåííÿ êðåìíiþ äiàìåòð ïîð ìîæå äîñÿãàòè äåêiëüêîõ ìiêðîí [22]. Âðàõîâóþ÷è, ùî
äîâæèíà mwCNTs çàçâè÷àé áiëüøà âiä äiàìåòðà ïîð, ìè ïðèïóñêà¹ìî, ùî íàíîòðóá-
êè ó ïîðàõ áóäóòü îði¹íòîâàíi ïåðåâàæíî âçäîâæ ïîð. Ïðîòå ó ðåàëüíèõ óìîâàõ,
ôîðìà CNTs ìîæå âiäðiçíÿòèñü âiä ïðÿìîëiíiéíî¨. Ç'¹äíàííÿ îêðåìèõ íàíîòðóáîê
òà ¨õ àãëîìåðàöié óòâîðþ¹ ïðîâiäíèé øëÿõ ìiæ åëåêòðîäàìè ñåíñîðíîãî åëåìåí-
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òà. Óòâîðåíà ìåðåæà mwCNTs õàðàêòåðèçó¹òüñÿ áiëüøîþ ïîðóâàòiñòþ ïîðiâíÿíî
ç íàíîêîìïîçèòíèìè ïëiâêàìè íà îñíîâi ñïîëó÷åíèõ ïîëiìåðiâ [23], ùî çàáåçïå÷ó¹
áiëüøó ïëîùó ðîáî÷î¨ ïîâåðõíi ñåíñîðíèõ åëåìåíòiâ. Êðiì òîãî, çáiëüøåííÿ ìåðå-
æi mwCNTs çàâäÿêè ðîçìiùåíèì ó ïîðàõ íàíîòðóáêàì ìîæå ñïðèÿòè ïiäâèùåííþ
÷óòëèâîñòi ñåíñîðiâ äî àíàëiçîâàíèõ ãàçiâ.

Ðèñ. 2: ÑÅÌ-çîáðàæåííÿ ïîâåðõíi ñåíñîðíîãî åëåìåíòà íà îñíîâi íàíîñèñòåìè
mwCNTs�por-Si.

Íà îñíîâi åêñïåðèìåíòàëüíèõ äîñëiäæåíü âèÿâëåíî, ùî åëåêòðîïðîâiäíiñòü òà ¹ì-
íiñòü ñåíñîðíèõ åëåìåíòiâ ñóòò¹âî çàëåæàòü âiä íàâêîëèøíüî¨ àòìîñôåðè. Çîêðåìà,
ñïîñòåðiãàëîñÿ çáiëüøåííÿ îïîðó òà ¹ìíîñòi íàíîñèñòåìè mwCNTs�por-Si ó ðàçi çà-
ïîâíåííÿ ðîáî÷î¨ êàìåðè äîñëiäæóâàíèìè ãàçàìè, ÿêi õàðàêòåðèçóþòüñÿ äîíîðíèìè
âëàñòèâîñòÿìè (ðèñ. 3). Îòðèìàíi çàëåæíîñòi ìîæíà ïîÿñíèòè âçà¹ìîäi¹þ àäñîðáî-
âàíèõ ìîëåêóë ç ïîâåðõíåþ mwCNTs, ÿêèì çà âiäñóòíüî¨ ôóíêöiîíàëiçàöi¨ çàçâè-
÷àé âëàñòèâà ïðîâiäíiñòü àêöåïòîðíîãî òèïó. Ó ïiäñóìêó, àäñîðáöiéíî-åëåêòðè÷íi
åôåêòè çóìîâëþþòü çìåíøåííÿ êîíöåíòðàöi¨ âiëüíèõ íîñi¨â çàðÿäó â íàíîòðóáêàõ.
Îñêiëüêè ïðîâiäíiñòü mwCNTs ¹ çíà÷íî áiëüøîþ âiä ïðîâiäíîñòi íàíîñòðóêòóð por-
Si [24], òî óòâîðåíà ìåðåæà íàíîòðóáîê øóíòó¹ øàð por-Si òà çìåíøó¹ éîãî âêëàä
ó âiäãóê ñåíñîðíîãî åëåìåíòà íà àäñîðáöiþ ãàçîâèõ ìîëåêóë. Ïîðóâàòèé øàð ñëóãó¹
ëèøå ìàòðèöåþ äëÿ ìåðåæi mwCNTs i çàáåçïå÷ó¹ çáiëüøåííÿ ðîáî÷î¨ ïîâåðõíi ñåí-
ñîðà. Êðiì òîãî, àäñîðáöiÿ ìîëåêóë àìiàêó, åòàíîëó òà àöåòîíó éìîâiðíî çóìîâëþ¹
çáiëüøåííÿ åôåêòèâíî¨ äiåëåêòðè÷íî¨ ïðîíèêíîñòi íàíîñèñòåìè mwCNTs�por-Si, ùî
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ñïðè÷èíÿ¹ ñïîñòåðåæóâàíå ïiäâèùåííÿ ¹ìíîñòi. Ïî¹äíàííÿ óñiõ öèõ åôåêòiâ ôîð-
ìó¹ ðåçóëüòóþ÷ó åëåêòðè÷íó ðåàêöiþ ñåíñîðíîãî åëåìåíòà íà çìiíó êîíöåíòðàöi¨
äîñëiäæóâàíèõ ãàçiâ.

а б

Ðèñ. 3: Çàëåæíiñòü îïîðó (à) òà ¹ìíîñòi (á) ñåíñîðíîãî åëåìåíòà íà îñíîâi íàíîñèñòåìè
mwCNTs�por-Si âiä êîíöåíòðàöi¨ ìîëåêóë àìiàêó (1), àöåòîíó (2) òà åòàíîëó (3).

Âàðòî çàçíà÷èòè, ùî áiëüøèé äiàïàçîí çìiíè îïîðó òà ¹ìíîñòi ñïîñòåðiãàâñÿ ó
âèïàäêó àäñîðáöi¨ ìîëåêóë àìiàêó çà îäíàêîâî¨ çìiíè êîíöåíòðàöi¨ äîñëiäæóâàíèõ
ãàçiâ. Éìîâiðíî, öå ïîâ'ÿçàíî ç ÿñêðàâî âèðàæåíèìè äîíîðíèìè âëàñòèâîñòÿìè àìi-
àêó i ïiäâèùåííÿì âiäíîñíî¨ âîëîãîñòi ïîâiòðÿ â åêñïåðèìåíòàëüíié êàìåði. Êðiì òî-
ãî, ó äiàïàçîíi íèçüêèõ êîíöåíòðàöié ñïîñòåðiãàëîñÿ ìàéæå ëiíiéíå çáiëüøåííÿ åëå-
êòðè÷íèõ õàðàêòåðèñòèê ñåíñîðíîãî åëåìåíòà ç ðîñòîì êîíöåíòðàöi¨ ìîëåêóë àìiàêó,
àöåòîíó òà åòàíîëó, ùî ñâiä÷èòü ïðî ïîñòiéíó ÷óòëèâiñòü ñåíñîðà ó öüîìó äiàïàçîíi.
Äëÿ îöiíêè ñåíñîðíèõ âëàñòèâîñòåé íàíîñèñòåìè mwCNTs�por-Si áóëî îá÷èñëåíî ¨¨
àäñîðáöiéíó çäàòíiñòü γ çà äîïîìîãîþ âèðàçó [25]:

γ =
∆S/S

∆ñ/ñ
(1)

äå ∆S/S � âiäíîñíà çìiíà åëåêòðè÷íèõ õàðàêòåðèñòèê (îïîðó àáî ¹ìíîñòi) ñåí-
ñîðíîãî åëåìåíòà, ∆ñ/ñ � âiäíîñíà çìiíà êîíöåíòðàöi¨ ìîëåêóë äîñëiäæóâàíèõ ãàçiâ
ó ðîáî÷ié êàìåði. Çàëåæíiñòü àäñîðáöiéíî¨ çäàòíîñòi ñåíñîðíîãî åëåìåíòà ðåçèñòèâ-
íîãî òà ¹ìíiñíîãî òèïiâ íà îñíîâi mwCNTs�por-Si âiä êîíöåíòðàöi¨ ìîëåêóë àìiàêó,
åòàíîëó òà àöåòîíó çîáðàæåíî íà ðèñ. 4.

Ïîïðè ìàéæå ëiíiéíi êîíöåíòðàöiéíi çàëåæíîñòi åëåêòðè÷íèõ õàðàêòåðèñòèê ó
äiàïàçîíi íèçüêèõ êîíöåíòðàöié íàíîñèñòåìà mwCNTs�por-Si äåìîíñòðó¹ çáiëüøåí-
íÿ àäñîðáöiéíî¨ çäàòíîñòi ç ïiäâèùåííÿì êîíöåíòðàöi¨ àíàëiçîâàíèõ ãàçiâ çà ðàõó-
íîê çìåíøåííÿ çíàìåííèêà ó âèðàçi (1). Àíàëiç îòðèìàíèõ çàëåæíîñòåé ñâiä÷èòü
ïðî áiëüøó ÷óòëèâiñòü äî äi¨ ìîëåêóë àíàëiçîâàíèõ ãàçiâ ñåíñîðà ¹ìíiñíîãî òèïó,
íiæ ðåçèñòèâíîãî. Àäñîðáöiéíà çäàòíiñòü ÷óòëèâèõ åëåìåíòiâ íà îñíîâi íàíîñèñòåìè
mwCNTs�por-Si ÿê ðåçèñòèâíîãî, òàê i ¹ìíiñíîãî òèïó áóëà íàéâèùîþ äî ìîëåêóë
àìiàêó òà íàéìåíøîþ äî åòàíîëó.

Çâàæàþ÷è íà âèñîêó ÷óòëèâiñòü åëåêòðè÷íèõ õàðàêòåðèñòèê çàïðîïîíîâàíîãî
ñåíñîðíîãî åëåìåíòà äî àäñîðáöi¨ ìîëåêóë ðiçíèõ ãàçiâ, çàáåçïå÷åííÿ ñåëåêòèâíîñòi
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а б

Ðèñ. 4: Çàëåæíîñòi àäñîðáöiéíî¨ çäàòíîñòi ðåçèñòèâíîãî (à) òà ¹ìíiñíîãî (á) ñåíñîðíîãî åëå-
ìåíòà íà îñíîâi íàíîñèñòåìè mwCNTs�por-Si âiä êîíöåíòðàöi¨ ìîëåêóë àìiàêó (1), àöåòîíó
(2) òà åòàíîëó (3).

ñåíñîðà äî ãàçó-àíàëiçó âèìàãà¹ âèêîðèñòàííÿ äîäàòêîâèõ ìåõàíiçìiâ ðîçïiçíàâàí-
íÿ ãàçó. Îäíèì ç ìîæëèâèõ ìåõàíiçìiâ ìîæå áóòè êîìï'þòåðíèé àíàëiç ïåðåõðåñíî¨
÷óòëèâîñòi ñèñòåìè ñåíñîðíèõ åëåìåíòiâ, êîæåí ç ÿêèõ õàðàêòåðèçó¹òüñÿ iíäèâiäó-
àëüíèì ïðîôiëåì ôóíêöi¨ ïåðåòâîðåííÿ.

Âàæëèâîþ äèíàìi÷íîþ õàðàêòåðèñòèêîþ ñåíñîðíèõ ìàòåðiàëiâ ¹ ÷àñ âiäãóêó ÷ó-
òëèâîãî åëåìåíòà íà çìiíó êîíöåíòðàöi¨ àíàëiçîâàíîãî ãàçó. Íà ðèñ. 5 ïîêàçàíî ÷àñ
âiäãóêó ãàçîâèõ ñåíñîðiâ ðåçèñòèâíîãî òà ¹ìíiñíîãî òèïiâ íà îñíîâi íàíîñèñòåìè
mwCNTs�por-Si. Øâèäêiñòü ðåàêöi¨ (òîáòî ÷àñ, çà ÿêèé âèõiäíèé ñèãíàë äîñÿãà¹ 90%
âñòàíîâëåíîãî çíà÷åííÿ) ñåíñîðiâ àöåòîíó òà åòàíîëó ïðè êiìíàòíié òåìïåðàòóði áó-
ëà äåùî âèùîþ, íiæ ñåíñîðà àìiàêó. Çàãàëîì ÷àñ ðåàêöi¨ i ÷àñ âiäíîâëåííÿ ãàçîâèõ
ñåíñîðiâ íà îñíîâi íàíîñèñòåìè mwCNTs�por-Si ñòàíîâèòü áëèçüêî îäíi¹¨ õâèëèíè.

а б

Ðèñ. 5: Âiäãóê åëåêòðè÷íîãî îïîðó (à) òà ¹ìíîñòi (á) ñåíñîðíîãî åëåìåíòà íà îñíîâi íàíî-
ñèñòåìè mwCNTs�por-Si íà çìiíó êîíöåíòðàöi¨ ìîëåêóë àìiàêó (1), àöåòîíó (2) òà åòàíîëó
(3).

ßê ìîæíà ïîáà÷èòè íà ðèñ. 5, âçà¹ìîäiÿ mwCNTs ç ìîëåêóëàìè àìiàêó, àöåòîíó
òà åòàíîëó ìà¹ õàðàêòåð ôiçè÷íî¨ àäñîðáöi¨, îñêiëüêè ïî÷àòêîâi çíà÷åííÿ îïîðó òà
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¹ìíîñòi ñåíñîðíèõ åëåìåíòiâ ìàéæå ïîâíiñòþ âiäíîâëþþòüñÿ ïiñëÿ âèäàëåííÿ äîñëi-
äæóâàíèõ ãàçiâ ç åêñïåðèìåíòàëüíî¨ êàìåðè íàâiòü áåç òåðìîñòèìóëþâàííÿ.

Âèñíîâêè

Ñåíñîðíi åëåìåíòè áóëè îòðèìàíi øëÿõîì îñàäæåííÿ âîäíî¨ ñóñïåíçi¨ mwCNTs
íà ïîâåðõíþ por-Si i ïîäàëüøîãî âèñóøóâàííÿ ïðè êiìíàòíié òåìïåðàòóði. Íà îñíî-
âi àíàëiçó CEM-çîáðàæåíü ïîâåðõíi ñåíñîðíîãî åëåìåíòà âñòàíîâëåíî, ùî mwCNTs
óòâîðþþòü íåâïîðÿäêîâàíó òà íåîäíîðiäíó çà ùiëüíiñòþ ìåðåæó, ïîðèñòà ìîðôîëî-
ãiÿ ÿêî¨ ñïðèÿ¹ ïiäâèùåííþ ÷óòëèâîñòi ñåíñîðà äî àäñîðáöi¨ ãàçîâèõ ìîëåêóë.

Âñòàíîâëåíî, ùî àäñîðáöiÿ ìîëåêóë àìiàêó, àöåòîíó òà åòàíîëó çóìîâëþ¹ çáiëü-
øåííÿ îïîðó òà ¹ìíîñòi ñåíñîðiâ íà îñíîâi íàíîñèñòåìè mwCNTs�por-Si. Àíàëiç êîí-
öåíòðàöiéíèõ çàëåæíîñòåé åëåêòðè÷íèõ õàðàêòåðèñòèê òà àäñîðáöiéíî¨ çäàòíîñòi
îäåðæàíèõ ñåíñîðíèõ åëåìåíòiâ ó äiàïàçîíi 0,4�12 % ñâiä÷èòü ïðî òå, ùî mwCNTs
íàéáiëüø ÷óòëèâi äî ìîëåêóë àìiàêó. Êðiì òîãî, ãàçîâèé ñåíñîð ¹ìíiñíîãî òèïó õàðà-
êòåðèçó¹òüñÿ áiëüøîþ ÷óòëèâiñòþ ïîðiâíÿíî ç ðåçèñòèâíèì. ×àñ âiäãóêó ñåíñîðíèõ
åëåìåíòiâ íà îñíîâi íàíîñèñòåìè mwCNTs�por-Si íà çìiíó êîíöåíòðàöi¨ àíàëiçîâàíèõ
ãàçiâ ñòàíîâèòü áëèçüêî îäíi¹¨ õâèëèíè ïðè êiìíàòíié òåìïåðàòóði.
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Carbon nanotubes (CNTs) have a high potential for creating gas sensors with
low power consumption, operation at room temperatures and miniature sizes
of sensitive elements. Therefore, the possibility of using a network of multi-
walled CNTs on porous silicon (por-Si) substrate as low-cost sensors for toxic and
explosive gases is studied in the work. An increase in the network of mwCNTs
due to the nanotubes placed in the pores can lead to a higher sensitivity of gas
sensors. It was established that mwCNTs form a disordered and heterogeneous
network based on the analysis of SEM images of the sensor element surface. The
porous morphology of the mwCNT�por-Si nanosystem provides an increase in
the working surface and sensitivity of the gas sensor. The sensory properties
of the obtained nanosystem were studied in AC mode by measuring electri-
cal resistance and capacitance under the in�uence of adsorption of ammonia,
acetone and ethanol molecules. An increase in the resistance and capacitance of
the sensor elements due to the adsorption of molecules of analyzed gases was
found. Based on the analysis of the dependences of the electrical characteristics
and sensing ability of the mwCNT � por-Si nanosystem on the concentrati-
on of ammonia, acetone and ethanol molecules in the 0.4�12% range, it was
established that both resistive and capacitive type sensors have the greatest
sensitivity to ammonia. In addition, the capacitive sensor element is characteri-
zed by a greater sensing ability than the resistive one. However, unambiguous
identi�cation of the analyte gas and determination of its concentration requi-
res additional analysis of the response of the matrix of sensor elements with
an individual pro�le of the transfer function. The response time of ammonia,
acetone and ethanol sensors based on mwCNTs � por-Si nanosystem was about
one minute at room temperature. The obtained sensor elements are characteri-
zed by quickly restoring functionality even without the use of special restoring
procedures (e.g., heating). The mwCNTs�por-Si nanosystem shows the prospect
of use in microelectronic sensor devices.

Key words: nanosystem, carbon nanotubes, porous silicon, gas sensor, sensing
ability.


