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I. ÂÑÒÓÏ

Äàòîþ íàðîäæåííÿ òåðìiíà �ïðîçîðà åëåêòðîíiêà�
ââàæàþòü 1997 ðiê, êîëè â æóðíàëi �Nature� âèéøëà
ñòàòòÿ ÿïîíñüêîãî äîñëiäíèêà Êàâàçîå (Kawazoe) çi
ñïiâàâòîðàìè. Ó íié iøëîñÿ ïðî îòðèìàííÿ ïðîçîðî¨
âèñîêîïðîâiäíî¨ îêñèäíî¨ ïëiâêè CuAlO2 iç ð-òèïîì
ïðîâiäíîñòi. Ó òîìó æ ÷èñëi �Nature� áóëà íàäðóêîâà-
íà ïðàöÿ Òîìàñà (Thomas), ó ÿêié íà îñíîâi ðåçóëüòà-
òiâ ðîáiò Êàâàçîå îáãîâîðþâàëè ìîæëèâiñòü ñòâîðåí-
íÿ òàê çâàíèõ íåâèäèìèõ åëåêòðîííèõ êië, ùî çàáåç-
ïå÷àòü íîâi ïåðñïåêòèâè çàñòîñóâàííÿ îêñèäíèõ ìà-
òåðiàëiâ, ÿêi äî öüîãî âèêîðèñòîâóâàëè òiëüêè ÿê ïà-
ñèâíi åëåìåíòè åëåêòðîííèõ ñõåì [1, 2].
Ãîëîâíèìè íàïðÿìàìè çàñòîñóâàííÿ ïðîçîðî¨ åëå-

êòðîíiêè ¹ ñåíñîðíi äèñïëå¨, ãíó÷êi äèñïëå¨, îðãàíi÷íi
ñâiòëîäiîäè (OLED), åëåêòðîëþìiíåñöåíòíi âèïðîìi-
íþâà÷i, òîíêîïëiâêîâi ôîòîâîëüòà¨÷íi åëåìåíòè, ðiçíi
åëåêòðîííi é îïòè÷íi ïîêðèòòÿ äëÿ iíøèõ ïðèñòðî¨â
ôóíêöiîíàëüíî¨ åëåêòðîíiêè [3].
Îêñèä iíäiþ-îëîâà (ITO, 10 âàã. % SnO2) � ïðîâiä-

íèé îêñèäíèé ìàòåðiàë, ÿêèé òåïåð íàéøèðøå âèêî-
ðèñòîâóþòü ó ñó÷àñíèõ åëåêòðîííèõ i ñåíñîðíèõ ïðè-
ñòðîÿõ. Íåçâàæàþ÷è íà âèñîêó öiíó öüîãî ìàòåðiàëó
(ïðèáëèçíî 1 000 äîë. ÑØÀ çà 1 êã) òà íàÿâíi àëüòåð-
íàòèâè, âií äîñi çáåðiãà¹ ñâî¨ ïàíiâíi ïîçèöi¨ íà ðèíêó
ïðîçîðèõ ïðîâiäíèõ ïîêðèòòiâ [3].
Íàóêîâå çàöiêàâëåííÿ ïëiâêàìè IÒÎ ñòàáiëüíî âè-

ñîêå. �õ îòðèìóþòü ðiçíîìàíiòíèìè ìåòîäàìè, çîêðå-
ìà åëåêòðîííî-ïðîìåíåâèì âèïàðîâóâàííÿì [4], òåð-
ìi÷íèì âàêóóìíèì âèïàðîâóâàííÿì [5], ìàãíåòðîí-
íèì ðîçïèëåííÿì íà ñòàëîìó ñòðóìi [6], iìïóëüñíèì
ëàçåðíèì îñàäæåííÿì [6], âèñîêî÷àñòîòíèì (Â×) ìà-
ãíåòðîííèì ðîçïèëåííÿì [7], ðåàêòèâíèì ðîçïèëåí-

íÿì [8], ñïðåé-ïiðîëiçîì [9], çîëü-ãåëü ìåòîäîì [10],
öåíòðèôóãóâàííÿì [11], ìåòîäîì ñòðóìåíåâîãî äðó-
êó [12], õiìi÷íèì âàêóóìíèì îñàäæåííÿì [13], ìåòàë-
îðãàíi÷íèì õiìi÷íèì âàêóóìíèì îñàäæåííÿì [14] òî-
ùî. Ìàãíåòðîííå Â×-ðîçïèëåííÿ ¹ îäíèì ç íàéêðà-
ùèõ ìåòîäiâ âèãîòîâëåííÿ òîíêèõ îêñèäíèõ ïëiâîê.
Ïåðåâàãàìè ìåòîäó ¹ éîãî ïðèäàòíiñòü äëÿ ðîçïè-
ëåííÿ òóãîïëàâêèõ ìàòåðiàëiâ, óíiâåðñàëüíiñòü i âiä-
íîñíî íèçüêà âàðòiñòü. Åôåêòèâíiñòü ìàãíåòðîííîãî
Â×-ðîçïèëåííÿ çóìîâëåíà âèñîêîþ àêòèâíiñòþ ìîëå-
êóë ãàçîâî¨ êîìïîíåíòè, ÿêà ñòèìóëþ¹òüñÿ äi¹þ Â×-
ïëàçìè [15, 16].

Áiëüøiñòü íàÿâíèõ ó öüîìó íàïðÿìi ïóáëiêàöié ïðè-
ñâÿ÷åíà äîñëiäæåííÿì âïëèâó òåõíîëîãi÷íèõ ïàðàìå-
òðiâ îòðèìàííÿ é ïîäàëüøîãî îáðîáëåííÿ íà îïòèêî-
åëåêòðè÷íi âëàñòèâîñòi ïëiâîê IÒÎ. Çîêðåìà, óæå
âñòàíîâëåíî, ùî ïiäâèùèòè åëåêòðîïðîâiäíiñòü òà
îïòè÷íó ïðîçîðiñòü ïëiâîê IÒÎ ìîæíà òåðìi÷íèì âiä-
ïàëîì çà òåìïåðàòóð, âèùèõ âiä 200◦C [17�20].

� íèçêà åëåêòðîííèõ ïðèñòðî¨â, ÷óòëèâèõ äî òåì-
ïåðàòóðè, ç îïòè÷íî ïðîçîðèìè åëåêòðîäàìè. Òîìó íà
ðiçíèõ åòàïàõ ¨õ âèãîòîâëåííÿ òåìïåðàòóðà íå ïîâèí-
íà ïåðåâèùóâàòè 100°Ñ. Îòðèìàííÿ êîíêóðåíòîñïðî-
ìîæíèõ âèñîêîÿêiñíèõ ïëiâîê ITO íà îñíîâi íèçü-
êîòåìïåðàòóðíèõ òåõíîëîãié ó ïðîìèñëîâèõ ìàñøòà-
áàõ óñå ùå çàëèøà¹òüñÿ ïðîáëåìîþ, ÿêó íàìàãàþòüñÿ
ðîçâ'ÿçàòè, çîêðåìà ç âèêîðèñòàííÿì ìàãíåòðîííîãî
ðîçïèëåííÿ [21].

Ïëiâêè IÒÎ, ÿê îïòè÷íî ïðîçîði îáiãðiâà÷i, ìîæíà
çàñòîñîâóâàòè äëÿ øâèäêîãî é íàäiéíîãî íàãðiâàííÿ
ñêëÿíèõ i ïëàñòèêîâèõ êîìïîíåíòiâ (âiòðîâîãî ñêëà,
ôàð òîùî) ó ðiçíèõ òðàíñïîðòíèõ çàñîáàõ äëÿ ïî-
äîëàííÿ çàïîòiâàííÿ òà/àáî îáëåäåíiííÿ â ñóâîðèõ
êëiìàòè÷íèõ óìîâàõ ç ìåòîþ ïiäâèùåííÿ åôåêòèâíî-
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ñòi âèêîðèñòîâóâàíèõ íà ñüîãîäíi çàñîáiâ. Íàïðèêëàä,
âiòðîâi ñêëà ñó÷àñíèõ àâòîìîáiëiâ ëàìiíóþòü ïîëi-
ìåðíîþ ïëiâêîþ ç ïîëiâiíiëáóòèðàëþ (PVB), ÿêà ìi-
ñòèòü âîëüôðàìîâi ìiêðîäðîòè ÿê íàãðiâàëüíèé åëå-
ìåíò. Îäíàê öåé òèï ïiäiãðiâó äåìîíñòðó¹ íåäîñòàòíi
ïðîçîðiñòü òà îäíîðiäíiñòü ðîçïîäiëó òåïëà ïî âiòðî-
âîìó ñêëi [21]. Çîâíiøíi ëiíçè â íîâèõ àâòîìîáiëü-
íèõ ñâiòëîäiîäíèõ ôàðàõ òàêîæ çàçíàþòü çàïîòiâàííÿ
àáî çàìåðçàííÿ ÷åðåç êîíäåíñàöiþ âîëîãè, ùî âèíèêà¹
âñåðåäèíi ëiíçè. Çàçâè÷àé êîðïóñè ôàð ìàþòü âåíòè-
ëÿöiéíi îòâîðè ç ôiëüòðàìè äëÿ ðåöèðêóëÿöi¨ ïîâiòðÿ
òà çàïîáiãàííÿ óòâîðåííþ êîíäåíñàòó, êiëüêiñòü i ïî-
ëîæåííÿ ÿêèõ íåîáõiäíî ÷àñòî çìiíþâàòè ïiñëÿ âèãî-
òîâëåííÿ ôàð äëÿ îïòèìiçàöi¨ ðåöèðêóëÿöi¨ ïîâiòðÿ,
ùî ¹ ñêëàäíèì òà äîðîãèì ïðîöåñîì [21]. Öå ñòàëî
ñêëàäíîþ ïðîáëåìîþ ç ïîãëÿäó çàáåçïå÷åííÿ âèäèìî-
ñòi òà çàïîáiãàííÿ íåáåçïåöi äëÿ áàãàòüîõ âèðîáíèêiâ
îðèãiíàëüíîãî îáëàäíàííÿ. ßê i ó âèïàäêó ç âiòðîâèì
ñêëîì, ìiêðîäðîòè òàêîæ çàçâè÷àé âèêîðèñòîâóþòü
ÿê íàãðiâàëüíi åëåìåíòè, ñòâîðþþ÷è ïåðåøêîäè àâ-
òîìîáiëüíèì ñèñòåìàì ðàäiî- ÷è ñâiòëîâèÿâëåííÿ òà
âèçíà÷åííÿ äàëüíîñòi (RADAR òà LIDAR). Îïòè÷íî
ïðîçîði åëåêòðîïðîâiäíi ïîêðèòòÿ ìîæóòü ïîëiïøèòè
åêñïëóàòàöiéíi õàðàêòåðèñòèêè çâè÷àéíèõ íàãðiâàëü-
íèõ åëåìåíòiâ, äåìîíñòðóþ÷è âèñîêó òåïëî¹ìíiñòü çi
øâèäêèì ðå óëþâàííÿì òåìïåðàòóðè òà ìàëó òåïëî-
âó iíåðöiþ áåç øêîäè äëÿ ¨õ îïòè÷íîãî ïðîïóñêàííÿ
[21].
Îïðîìiíåííÿ óëüòðàôiîëåòîâèì (ÓÔ) ñâiòëîì âèêî-

ðèñòîâóþòü äëÿ î÷èùåííÿ ïîâåðõîíü ïëiâîê IÒÎ âiä
êàðáîíîâèõ ñïîëóê òà çìiíè ñïiââiäíîøåííÿ â êiëüêî-
ñòi ïîâåðõíåâèõ àòîìiâ In, Sn òà O, ùî çáiëüøó¹ âèõiä
åëåêòðîíiâ ç IÒÎ [22�29]. Çáiëüøåííÿ âèõîäó åëåêòðî-
íiâ ç ITO êîðèñíå, îñêiëüêè çàâäÿêè öüîìó çíèæó-
¹òüñÿ iíòåðôåéñíèé áàð'¹ð i ïiäâèùó¹òüñÿ åôåêòèâ-
íiñòü iíæåêöi¨ äiðîê ç ITO â îðãàíi÷íèé øàð, òîáòî
ïîëiïøó¹òüñÿ ðîáîòà îðãàíi÷íèõ ñîíÿ÷íèõ åëåìåíòiâ
òà îðãàíi÷íèõ ñâiòëîäiîäiâ [23�29].
Êiëüêiñòü ïóáëiêàöié ùîäî êîìïëåêñíèõ äîñëi-

äæåíü âïëèâó íèçüêîòåìïåðàòóðíîãî âiäïàëó [30] ÷è
îïðîìiíåííÿ ñâiòëîì íà ñòðóêòóðíi, îïòè÷íi òà åëå-
êòðè÷íi âëàñòèâîñòi ïëiâîê IÒÎ [29, 31] ¹ íåçíà÷íèì.
Òîìó â öié ñòàòòi íàâåäåíî ðåçóëüòàòè íàøèõ äîñëi-
äæåíü, ïðèñâÿ÷åíèõ ðîçâ'ÿçàííþ âêàçàíî¨ íàóêîâî¨ é
òåõíîëîãi÷íî¨ çàäà÷i.

II. ÅÊÑÏÅÐÈÌÅÍÒ

Ïëiâêè IÒÎ îòðèìàíî ìåòîäîì ìàãíåòðîííîãî Â×-
ðîçïèëåííÿ êîìåðöiéíî¨ ìiøåíi (99.99 % ÷èñòîòè,
Sigma-Aldrich) íà îïòè÷íî ïðîçîði äëÿ äîâæèí õâèëü
ñâiòëà, âèùèõ çà 300 íì, ñêëÿíi ïiäêëàäêè â àòìîñôå-
ði àðãîíó çà ðîáî÷îãî òèñêó ãàçó 0.1 Ïà, ïîòóæíîñòi
Â× ãåíåðàòîðà 75 Âò, âiäñòàíi ìiæ ìiøåííþ òà ïiä-
êëàäêîþ 60 ìì, iíäóêöi¨ ìàãíiòíîãî ïîëÿ 0.1 Òë, áåç
ïiäiãðiâó ïiäêëàäîê. ×àñ ðîçïèëåííÿ ñòàíîâèâ 1 ãîäè-
íó. Çà äàíèìè åëiïñîìåòðè÷íèõ âèìiðþâàíü òîâùèíà

ïëiâîê ïðèáëèçíî äîðiâíþâàëà 0.8 ìêì.
×àñòèíó ïëiâîê IÒÎ âiäïàëþâàëè íà ïîâiòði ïðîòÿ-

ãîì 1 ãîäèíè çà ðiçíèõ òåìïåðàòóð ó ìóôåëüíié åëå-
êòðîïå÷i �ÑNÎL�0,2/1250� (Umega Group ÀÂ, ì. Óòå-
íà, Ëèòâà). Iíøó ÷àñòèíó çðàçêiâ îïðîìiíþâàëè ïðî-
òÿãîì ðiçíèõ ïðîìiæêiâ ÷àñó ñâiòëîì âiä êâàðöîâî¨
ðòóòíî¨ ëàìïè ÄÐÒ-125 ïîòóæíiñòþ 125 Âò, ðîçòàøî-
âàíî¨ íà âiäñòàíi 10 cì âiä ïîâåðõíi òîíêîïëiâêîâèõ
çðàçêiâ [32].
Ìîðôîëîãiþ ïîâåðõíi åêñïåðèìåíòàëüíèõ çðàçêiâ

âèâ÷àëè àòîìíî-ñèëîâèì ìiêðîñêîïîì Solver P47-
PRO. Âèìiðþâàëè åëiïñîìåòðiþ ex situ åëiïñîìåòðîì
ËÅÔ-3M. Äæåðåëîì ñâiòëà áóâ He�Ne-ëàçåð (λ =
632.8 íì).

Ðèñ. 1. Âîëüò-àìïåðíà õàðàêòåðèñòèêà âiäïàëåíî¨ çà
150◦C òîíêî¨ ïëiâêè IÒÎ çi ñðiáíèìè êîíòàêòàìè

Fig. 1. Volt-ampere characteristic of a thin ITO �lm with
silver contacts annealed at 150◦C

Äëÿ âèâ÷åííÿ ñïåêòðiâ ïîãëèíàííÿ òà âiäáèâàí-
íÿ ñâiòëà â ÓÔ òà âèäèìié îáëàñòÿõ ñïåêòðà âèêî-
ðèñòîâóâàëè ïîðòàòèâíèé îïòîâîëîêîííèé ñïåêòðî-
ìåòð ôiðìè Avantes BV (ì. Àïåëüäîðí, Íiäåðëàíäè)
�AvaSpec-ULS2048L-USB2-UA-RS� iç âõiäíîþ ùiëè-
íîþ 25 ìêì, iç äèôðàêöiéíîþ  ðàòêîþ 300 øòð./ìì.
Äåòåêòóâàííÿ ñâiòëà â ñïåêòðîìåòði çäiéñíþ¹òüñÿ
ÏÇÇ-ìàòðèöåþ íà 2048 ïiêñåëiâ. Äëÿ àâòîìàòèçî-
âàíîãî êîìï'þòåðíîãî êåðóâàííÿ ñïåêòðîìåòðîì é
îïðàöþâàííÿ ñïåêòðiâ çàñòîñîâóâàëè ñïåöiàëüíå ïðî-
ãðàìíå çàáåçïå÷åííÿ. Âèêîðèñòîâóâàëè ãàëîãåííî-
äåéòåði¹âå äæåðåëî ñâiòëà AvaLight-DHñ òà åòàëîí
âiäáèâàííÿ ñâiòëà WS-2 (Avantes BV, ì. Àïåëüäîðí,
Íiäåðëàíäè).
Ïèòîìèé åëåêòðîîïið ïëiâîê IÒÎ âèìiðþâàëè ÷î-

òèðèçîíäîâèì ìåòîäîì çà êiìíàòíî¨ òåìïåðàòóðè ç
âèêîðèñòàííÿì åëåêòðîìåòðà Keithley 2401 (Keithley
Instruments Inc., ì. Êëiâëåíä, ÑØÀ) [20, 33]. Âèêî-
ðèñòîâóâàëè ñðiáíi òîíêîïëiâêîâi åëåêòðîäè, îñàäæå-
íi òåðìi÷íèì âàêóóìíèì âèïàðîâóâàííÿì ó âàêóóì-
íîìó óíiâåðñàëüíîìó ïîñòi ÂÓÏ-5Ì (ÂÀÒ �SELMI�,
ì. Ñóìè, Óêðà¨íà). Îìi÷íà ïðèðîäà êîíòàêòiâ öèõ
åëåêòðîäiâ çi çðàçêîì ïiäòâåðäæó¹òüñÿ âiäïîâiäíîþ
âîëüò-àìïåðíîþ õàðàêòåðèñòèêîþ (ðèñ. 1).

4402-2



ÍÈÇÜÊÎÒÅÌÏÅÐÀÒÓÐÍÀ ÒÅÕÍÎËÎÃIß ÎÒÐÈÌÀÍÍß ÏÐÎÇÎÐÈÕ ÏËIÂÎÊ. . .

à) á) â)

ã)  ) ä)

Ðèñ. 2. Òðèâèìiðíi çîáðàæåííÿ ïëiâîê IÒÎ: a) áåç âiäïàëó é îïðîìiíåííÿ ñâiòëîì ëàìïè ÄÐÒ-125; á) âiäïàëåíî¨ çà
50◦C; â) âiäïàëåíî¨ çà 100◦C; ã) âiäïàëåíî¨ çà 150◦C;  ) ïiñëÿ 5 õâ îïðîìiíåííÿ ñâiòëîì ëàìïè ÄÐÒ-125; ä) ïiñëÿ 20 õâ

îïðîìiíåííÿ ñâiòëîì ëàìïè ÄÐÒ-125

Fig. 2. Three-dimensional images of ITO �lms: a) without annealing and irradiation with the DRT-125 light; b) annealed at
50◦C; c) annealed at 100◦C; d) annealed at 150◦CC; e) after 5-minutes irradiation with the light of the DRT-125 lamp; e)

after 20-minutes irradiation with the light of the DRT-125 lamp

III. ÐÅÇÓËÜÒÀÒÈ ÅÊÑÏÅÐÈÌÅÍÒÓ ÒÀ �Õ

ÎÁÃÎÂÎÐÅÍÍß

Iç âèêîðèñòàííÿì àòîìíî-ñèëîâî¨ ìiêðîñêîïi¨ îòðè-
ìàíî iíôîðìàöiþ ïðî ìîðôîëîãiþ ïîâåðõíi ïëiâîê
IÒÎ (ðèñ. 2). Çîêðåìà, îá÷èñëåíî òàêi ïàðàìåòðè ïî-
âåðõíi, ÿê ñåðåäíüîêâàäðàòè÷íà øîðñòêiñòü i ñåðåäíié
ðîçìið êðèñòàëiòiâ (òàáë. 1).

Iç ïiäâèùåííÿì òåìïåðàòóðè âiäïàëó çðîñòàþòü
ðîçìiðè êðèñòàëiòiâ ó ïëiâêàõ. Îñâiòëåííÿ êâàðöîâîþ
ðòóòíîþ ëàìïîþ òàêîæ ñïðè÷èíèëî ñòðóêòóðíó ïå-
ðåáóäîâó ïëiâîê IÒÎ. Óíàñëiäîê îïðîìiíåííÿ äåùî
çðîñëè ðîçìiðè êðèñòàëiòiâ, ùî óçãîäæó¹òüñÿ ç äàíè-

ìè ðîáiò [29, 31]. Àâòîðè ïðàöi [29] çäiéñíþâàëè 10-
õâèëèííå îïðîìiíåííÿ ïëiâîê IÒÎ ÓÔ- ñâiòëîì iç äîâ-
æèíîþ õâèëi 365 íì âiä 250 Âò äæåðåëà, òîäi ÿê â ðî-
áîòi [31] ïëiâêè IÒÎ îïðîìiíþâàëè ñâiòëîì âiä iìïóëü-
ñíî¨ äóãîâî¨ êñåíîíîâî¨ ëàìïè, ÿêà áóëà íà âiääàëi â
22 ìì âiä çðàçêà. Òðèâàëiñòü îïðîìiíåííÿ ñòàíîâèëà
20 ñ (20 öèêëiâ iç êîðîòêèì ïðîìiæêîì ÷àñó ìiæ íèìè
äëÿ îõîëîäæåííÿ, êîæåí öèêë ñêëàäàâñÿ ç 8 iìïóëü-
ñiâ; òðèâàëiñòü iìïóëüñiâ äîðiâíþâàëà 200 ìêñ, ïðîìi-
æîê ìiæ iìïóëüñàìè � 75 ìêñ, iíòåíñèâíiñòü ïåðøîãî
iìïóëüñó � 35 êÂò/ñì2, äðóãîãî � 26 êÂò/ñì2, òðå-
òüîãî � 22 êÂò/ñì2, ÷åòâåðòîãî � 18 êÂò/ñì2, ï'ÿòîãî
� 15 êÂò/ñì2, øîñòîãî � 12 êÂò/ñì2, ñüîìîãî � 10
êÂò/ñì2, âîñüìîãî � 8 êÂò/ñì2).

Çðàçîê Ñòðóêòóðà Òåìïåðàòóðà
âiäïàëó, ◦C

×àñ
îïðîìiíåííÿ
ñâiòëîì ëàìïè
ÄÐÒ-125, õâ

Ñåðåäíüîêâàäð.
øîðñòêiñòü, íì

Ñåðåäíié
ðîçìið

êðèñòàëiòiâ, íì

a IÒO/ñêëî � � 1.5 5.1

á IÒO/ñêëî 50 � 3.6 12.6

â IÒO/ñêëî 100 � 3.4 13.4

ã IÒO/ñêëî 150 � 3.9 15.2

  IÒO/ñêëî � 5 1.8 5.5

ä IÒO/ñêëî � 20 2.4 8.1

Òàáë. 1. Ñåðåäíüîêâàäðàòè÷íà øîðñòêiñòü i ñåðåäíié ðîçìið êðèñòàëiòiâ ó ïëiâêàõ IÒÎ,
îäåðæàíèõ çà ðiçíèõ òåõíîëîãi÷íèõ óìîâ

Table 1. RMS roughness and average size of crystallites in ITO �lms obtained under di�erent technological conditions
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Çãiäíî ç äàíèìè ðîáîòè [31], ó íåîáðîáëåíèõ âiäïà-
ëîì ÷è îïðîìiíåííÿì ïëiâêàõ IÒÎ ¹ çíà÷íîþ àìîð-
ôíà ÷àñòêà, ÿêà ñêëàäà¹òüñÿ çi ñïîëóê InOx, SnO òà
àòîìiâ In0+, Sn0+, ÿêi ïîãëèíàþòü âèäèìå ñâiòëî. Ïiä
÷àñ îïðîìiíåííÿ âèäèìå ñâiòëî ëîêàëüíî ïîãëèíà¹-
òüñÿ àòîìàìè ìåòàëiâ òà ÷àñòêîâî îêèñëåíèìè ñïîëó-
êàìè. Ïîãëèíàííÿ çáóäæó¹ öi ÷àñòèíêè, i ¨õíÿ íàñòó-
ïíà êîëèâàëüíà ðåëàêñàöiÿ ïðèâîäèòü äî ëîêàëüíî-
ãî íàãðiâàííÿ ìiñöÿ ¨õ ðîçìiùåííÿ â ïëiâöi [31]. Äàëi
öå òåïëî ñïðè÷èíÿ¹ îêèñëåííÿ é ðåàêöi¨ êðèñòàëiçà-
öi¨, çà ÿêèõ äðiáíi êðèñòàëiòè ïî÷èíàþòü ðîñòè â ìi-
ñöÿõ çàðîäêîóòâîðåííÿ. Îïòè÷íî íåïðîçîði âêðàïëåí-
íÿ In0+ òà InOx êðèñòàëiçóþòüñÿ â îïòè÷íî ïðîçîðèé
îêñèä In203, òàê ñàìî ÿê îïòè÷íî íåïðîçîði âêðàïëåí-
íÿ Sn0+ òà SnO êðèñòàëiçóþòüñÿ â îïòè÷íî ïðîçîðèé
îêñèä SnO2, i ðiñò êðèñòàëiòiâ ïiä äi¹þ îïðîìiíåííÿ
âèäèìèì ñâiòëîì ïðèïèíÿ¹òüñÿ. ÓÔ- òà iíôðà÷åðâî-
íå ñâiòëî òàêîæ ñïðè÷èíÿòèìå çðîñòàííÿ êðèñòàëi-
òiâ ó ïëiâêàõ IÒÎ, ïðîòå âîäíî÷àñ âiäáóâàòèìóòüñÿ
é øêiäëèâi äëÿ îòðèìàííÿ ÿêiñíèõ ïëiâîê ïðîöåñè,
ÿê-îò: ôîòîðîçêëàä i àáëÿöiÿ. Ôîòîðîçêëàä i àáëÿöiÿ
ïîíèæóâàòèìóòü åëåêòðîïðîâiäíiñòü òà îïòè÷íó ïðî-
çîðiñòü ïëiâîê IÒÎ [31].

.

Ðèñ. 3. Ñïåêòðè ïîãëèíàííÿ ïëiâîê IÒÎ, îòðèìàíèõ çà ði-
çíèõ òåõíîëîãi÷íèõ óìîâ: áåç âiäïàëó é îïðîìiíåííÿ ñâi-
òëîì ëàìïè ÄÐÒ-125 (çåëåíà ëiíiÿ); âiäïàëåíî¨ çà 50◦C
(îðàíæåâà ëiíiÿ); âiäïàëåíî¨ çà 100◦C (ôiîëåòîâà ëiíiÿ);
âiäïàëåíî¨ çà 150◦C (ñèíÿ ëiíiÿ); ïiñëÿ 5 õâ îïðîìiíåííÿ
ñâiòëîì ëàìïè ÄÐÒ-125 (÷åðâîíà ëiíiÿ); ïiñëÿ 20 õâ îïðî-

ìiíåííÿ ñâiòëîì ëàìïè ÄÐÒ-125 (÷îðíà ëiíiÿ)

Fig. 3. Absorption spectra of ITO �lms obtained under di-
�erent technological conditions: without annealing or irradi-
ation with the light of the DRT-125 lamp (green line);
annealed at 50◦C (orange line); annealed at 100◦C (purple
line); annealed at 150◦C (blue line); after 5-minutes irradi-
ation with the DRT-125 lamp (red line); after 20-minutes

irradiation with the DRT-125 lamp (black line)

Íà ðèñ. 3 çîáðàæåíî ñïåêòðè ïîãëèíàííÿ ïëiâîê
IÒÎ, îòðèìàíèõ çà ðiçíèõ òåõíîëîãi÷íèõ óìîâ. Çãi-
äíî ç íàâåäåíèìè ñïåêòðàìè, íàéíèæ÷ó îïòè÷íó ïðî-

çîðiñòü ó âèäèìîìó äiàïàçîíi ìàëè íåâiäïàëåíi é íåî-
ïðîìiíåíi ñâiòëîì ëàìïè ÄÐÒ-125 ïëiâêè IÒÎ, à íàé-
âèùîþ � çðàçêè, âiäïàëåíi çà íàéâèùî¨ òåìïåðàòóðè
(150◦C) òà îïðîìiíåíi ïðîòÿãîì 5 õâ ñâiòëîì âiä ëàì-
ïè ÄÐÒ-125. Ïîäàëüøå çáiëüøåííÿ ÷àñó îïðîìiíåííÿ
ïðèçâåëî äî ïîíèæåííÿ îïòè÷íî¨ ïðîçîðîñòi ïëiâîê.

Ðèñ. 4. Ñïåêòðè ïîãëèíàííÿ â êîîðäèíàòàõ (αhν)2 = f(hν)
ïëiâîê ITO: áåç âiäïàëó é îïðîìiíåííÿ ñâiòëîì ëàìïè (çå-
ëåíà ëiíiÿ); âiäïàëåíî¨ çà 50◦C (îðàíæåâà ëiíiÿ); âiäïàëå-
íî¨ çà 100◦C (ôiîëåòîâà ëiíiÿ); âiäïàëåíî¨ çà 150◦C (ñè-
íÿ ëiíiÿ); ïiñëÿ 5 õâ îïðîìiíåííÿ ñâiòëîì ëàìïè ÄÐÒ-125
(÷åðâîíà ëiíiÿ); ïiñëÿ 20 õâ îïðîìiíåííÿ ñâiòëîì ëàìïè

ÄÐÒ-125 (÷îðíà ëiíiÿ)

Fig. 4. Absorption spectra in the coordinates (αhν)2 = f(hν)
of ITO �lms: without annealing or irradiation with the lamp
light (green line); annealed at 50◦C (orange line); annealed
at 100◦C (purple line); annealed at 150◦C (blue line); after
5-minutes irradiation of the DRT-125 lamp (red line); after

20-minutes irradiation with DRT-125 lamp (black line)

Êîåôiöi¹íòè ïîãëèíàííÿ α ðîçðàõîâóâàëè çà ôîð-
ìóëîþ Áó åðà�Ëàìáåðòà�Áåðà íà îñíîâi ñïåêòðiâ ïðî-
ïóñêàííÿ. Çàãàëîì êîåôiöi¹íò ïîãëèíàííÿ ïîâ'ÿçàíèé
iç øèðèíîþ çàáîðîíåíî¨ çîíè Eg âiäíîøåííÿì [6, 8,
16, 17, 20]

αhν = B(hν�Eg)
r, (1)

äå r = 1/2 äëÿ ïðÿìèõ äîçâîëåíèõ ïåðåõîäiâ; B �
ñòàëà, ïðàêòè÷íî íåçàëåæíà âiä åíåð i¨ ôîòîíiâ.

Çíà÷åííÿ îïòè÷íî¨ øèðèíè çàáîðîíåíî¨ çîíè îòðè-
ìàíî iç çàëåæíîñòåé (αhν)2 âiä hν ó äiëÿíöi âèñîêîãî
ïîãëèíàííÿ ç åêñòðàïîëÿöi¹þ ëiíiéíèõ äiëÿíîê êðè-
âèõ äî (αhν)2 = 0 [6, 8, 16, 17, 20].
Àíàëiç ôóíäàìåíòàëüíîãî êðàþ ïîãëèíàííÿ çà äî-

ïîìîãîþ ñïiââiäíîøåííÿ (1) ïîêàçó¹, ùî îïòè÷íà øè-
ðèíà çàáîðîíåíî¨ çîíè Eg: íåâiäïàëåíî¨ é íåîïðîìiíå-
íî¨ ïëiâêè IÒÎ ïðèáëèçíî äîðiâíþ¹ 3.59 åÂ, âiäïàëå-
íî¨ çà 50◦C � 3.63 åÂ, âiäïàëåíî¨ çà 100◦C � 3.65 åÂ,
âiäïàëåíî¨ çà 150◦C � 3.66 åÂ, îïðîìiíåíî¨ ïðîòÿãîì
5 õâ ñâiòëîì ëàìïè ÄÐÒ-125 � 3.65 åÂ, îïðîìiíåíî¨
ïðîòÿãîì 20 õâ ñâiòëîì ëàìïè ÄÐÒ-125 � 3.60 åÂ
(ðèñ. 4). Îäåðæàíi çíà÷åííÿ âåëè÷èí Eg êîðåëþþòü
iç äàíèìè ðîáiò [8, 17, 34, 35].
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Ñòðóêòóðà Òåìïåðàòóðà
âiäïàëó, ◦C

×àñ îïðîìiíåííÿ
ñâiòëîì ëàìïè
ÄÐÒ-125, õâ

Ïèòîìèé
îïið, Îì·ñì

IÒO/ñêëî � � Íåïðîâiäíèé

IÒO/ñêëî 50 � 80

IÒO/ñêëî 100 � 6

IÒO/ñêëî 150 � 0,03

IÒO/ñêëî � 5 556

IÒO/ñêëî � 20 356

Òàáë. 2. Çíà÷åííÿ ïèòîìîãî åëåêòðè÷íîãî îïîðó ïëiâîê IÒÎ, îòðèìàíèõ çà ðiçíèõ òåõíîëîãi÷íèõ óìîâ

Table 2. Values of electrical resistivity of ITO �lms obtained under di�erent technological conditions

Íà ðèñ. 5 çîáðàæåíî ñïåêòðè âiäáèâàííÿ ïëiâîê
IÒÎ, îòðèìàíèõ çà ðiçíèõ òåõíîëîãi÷íèõ óìîâ. Òåðìi-
÷íèé âiäïàë òà îïðîìiíåííÿ ñâiòëîì êâàðöîâî¨ ðòóòíî¨
ëàìïè çíèæóþòü âåëè÷èíè êîåôiöi¹íòiâ âiäáèâàííÿ ó
âèäèìîìó äiàïàçîíi äîâæèí õâèëü ñâiòëà.

Ðèñ. 5. Ñïåêòðè âiäáèâàííÿ ïëiâîê IÒÎ, îäåðæàíèõ çà ði-
çíèõ òåõíîëîãi÷íèõ óìîâ: áåç âiäïàëó é îïðîìiíåííÿ ñâi-
òëîì (çåëåíà ëiíiÿ); âiäïàëåíî¨ çà 50◦C (îðàíæåâà ëiíiÿ);
âiäïàëåíî¨ çà 100◦C (ôiîëåòîâà ëiíiÿ); âiäïàëåíî¨ çà 150◦C
(ñèíÿ ëiíiÿ); ïiñëÿ 5 õâ îïðîìiíåííÿ ñâiòëîì ëàìïè ÄÐÒ-
125 (÷åðâîíà ëiíiÿ); ïiñëÿ 20 õâ îïðîìiíåííÿ ñâiòëîì ëàì-

ïè ÄÐÒ-125 (÷îðíà ëiíiÿ)

Fig. 5. Re�ection spectra of ITO �lms obtained under di-
�erent technological conditions: without annealing or light
irradiation (green line); annealed at 50◦C (orange line);
annealed at 100◦C (purple line); annealed at 150◦C (blue li-
ne); after 5-minutes irradiation with the DRT-125 lamp (red
line); after 20-minutes irradiation with the DRT-125 lamp

(black line)

Çíà÷åííÿ âåëè÷èí ïèòîìîãî åëåêòðîîïîðó ïëiâîê
IÒÎ, îäåðæàíèõ çà ðiçíèõ òåõíîëîãi÷íèõ óìîâ íàâå-
äåíî â òàáë. 2. Iç ïiäâèùåííÿì òåìïåðàòóðè âiäïàëó
äî 150◦C òà çi çáiëüøåííÿì ÷àñó îïðîìiíåííÿ êâàðöî-
âîþ ðòóòíîþ ëàìïîþ äî 20 õâ çàôiêñîâàíî çìåíøåííÿ
âåëè÷èíè ïèòîìîãî åëåêòðîîïîðó, ùî óçãîäæó¹òüñÿ ç
äàíèìè ðîáiò [13, 17, 29, 31, 35�37].

ÂÈÑÍÎÂÊÈ

Äîñëiäæåíî âïëèâ íèçüêîòåìïåðàòóðíîãî âiäïàëó
òà îïðîìiíåííÿ ñâiòëîì âiä êâàðöîâî¨ ðòóòíî¨ ëàìïè
ÄÐÒ-125 íà ñòðóêòóðíi, îïòè÷íi òà åëåêòðè÷íi âëà-
ñòèâîñòi ïëiâîê IÒÎ òîâùèíîþ 0.8 ìêì, îñàäæåíèõ
ìåòîäîì ìàãíåòðîííîãî Â×-ðîçïèëåííÿ íà îïòè÷íî
ïðîçîði äëÿ äîâæèí õâèëü ñâiòëà, áiëüøèõ çà 300 íì,
ñêëÿíi ïiäêëàäêè. Ïiä ÷àñ îñàäæåííÿ ïiäiãðiâó ïiä-
êëàäîê íå çàñòîñîâóâàëè.
Óñòàíîâëåíî, ùî íèçüêîòåìïåðàòóðíèé âiäïàë ïðî-

òÿãîì îäíi¹¨ ãîäèíè òà êîðîòêîòðèâàëå îïðîìiíåííÿ
ñâiòëîì êâàðöîâî¨ ðòóòíî¨ ëàìïè ñïðè÷èíÿþòü çáiëü-
øåííÿ ñåðåäíiõ ðîçìiðiâ êðèñòàëiòiâ òà ñåðåäíüîêâà-
äðàòè÷íî¨ øîðñòêîñòi ïîâåðõíi ïëiâîê IÒÎ. Çîêðå-
ìà, ïiñëÿ âiäïàëó ïëiâêè IÒÎ çà òåìïåðàòóðè 150°Ñ
ñåðåäíié ðîçìið êðèñòàëiòiâ òà ñåðåäíüîêâàäðàòè÷íà
øîðñòêiñòü ïîâåðõíi çðîñëè ïðèáëèçíî âòðè÷i, à ïiñëÿ
20 õâ îïðîìiíåííÿ � ïðèáëèçíî â 1.6 ðàçó âiäïîâiäíî.
Íàéíèæ÷ó îïòè÷íó ïðîçîðiñòü ó âèäèìîìó äiàïà-

çîíi ñïåêòðà ñåðåä äîñëiäæóâàíèõ åêñïåðèìåíòàëüíèõ
çðàçêiâ ìàëè íåâiäïàëåíi é íåîïðîìiíåíi ñâiòëîì ïëiâ-
êè IÒÎ, à ìàêñèìàëüíó � âiäïàëåíi çà íàéâèùî¨ òåì-
ïåðàòóðè (150◦Ñ) òà îïðîìiíåíi ïðîòÿãîì 5 õâ ñâi-
òëîì âiä ëàìïè ÄÐÒ-125. Çáiëüøåííÿ ÷àñó îïðîìi-
íåííÿ ïðèçâîäèòü äî çíèæåííÿ îïòè÷íî¨ ïðîçîðîñòi
ïëiâîê, ùî ìîæå áóòè çóìîâëåíå çðîñòàííÿì êiëüêî-
ñòi äåôåêòiâ çà ðàõóíîê ïðîöåñiâ ôîòîðîçêëàäó IÒÎ
é àáëÿöi¨.
Òåðìi÷íèé âiäïàë òà îïðîìiíåííÿ ñâiòëîì êâàðöî-

âî¨ ðòóòíî¨ ëàìïè çíèæóþòü êîåôiöi¹íò âiäáèâàííÿ
ïëiâîê IÒÎ ó âèäèìîìó äiàïàçîíi ñïåêòðà. Íà îñíîâi
ïðîâåäåíîãî àíàëiçó ñïåêòðiâ îïòè÷íîãî ïîãëèíàííÿ
ïëiâîê IÒÎ âèÿâëåíî çðîñòàííÿ âåëè÷èíè ¨õíüî¨ îïòè-
÷íî¨ øèðèíè çàáîðîíåíî¨ çîíè ç 3.59 åÂ äëÿ íåâiäïàëå-
íî¨ ïëiâêè é àæ äî 3.66 åÂ ç ïiäâèùåííÿì òåìïåðàòó-
ðè âiäïàëó äî 150◦Ñ. Íàòîìiñòü çàëåæíiñòü âåëè÷èíè
îïòè÷íî¨ øèðèíè çàáîðîíåíî¨ çîíè ïëiâîê IÒÎ âiä ÷à-
ñó îïðîìiíåííÿ ñâiòëîì êâàðöîâî¨ ðòóòíî¨ ëàìïè ¹ íå-
òðèâiàëüíîþ. Îïðîìiíåííÿ ïëiâîê IÒÎ ñâiòëîì êâàð-
öîâî¨ ðòóòíî¨ ëàìïè ïðîòÿãîì 5 õâ ñïðè÷èíÿ¹ çðîñòà-
ííÿ Eg ç 3.59 åÂ äî 3.65 åÂ, òîäi ÿê óæå ïiñëÿ 20 õâ
îïðîìiíåííÿ Eg çíèæó¹òüñÿ äî 3.60 åÂ. Öå ïîâ'ÿçàíî
çi çìiíàìè êîíöåíòðàöi¨ ñòðóêòóðíèõ äåôåêòiâ: ¨¨ çíè-
æåííÿì ïiñëÿ 5-õâèëèííîãî îïðîìiíåííÿ ñâiòëîì çà
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Á. ÒÓÐÊÎ, Â. ÂÀÑIËÜ�Â, Þ. ÅËIßØÅÂÑÜÊÈÉ òà ií.

ðàõóíîê çáiëüøåííÿ ðîçìiðiâ êðèñòàëiòiâ òà ôîðìó-
âàííÿ îêñèäíèõ ñïîëóê In2O3 òà SnO2, i, âiäïîâiäíî,
çðîñòàííÿì ïiñëÿ 20 õâ îïðîìiíåííÿ ÷åðåç ïðîöåñè
ôîòîðîçêëàäó é àáëÿöi¨.
Iç ïiäâèùåííÿì òåìïåðàòóðè âiäïàëó äî 150◦Ñ òà

çi çáiëüøåííÿì ÷àñó îïðîìiíåííÿ êâàðöîâîþ ðòóòíîþ
ëàìïîþ äî 20 õâ çàôiêñîâàíî çìåíøåííÿ âåëè÷èíè ïè-
òîìîãî åëåêòðîîïîðó ïëiâîê IÒÎ.

Íàâåäåíi ðåçóëüòàòè ìîæóòü áóäóòü êîðèñíèìè â
iíæåíåði¨ åëåêòðîííèõ ïðèñòðî¨â íà îñíîâi ìàòåðiàëiâ
iç íèçüêîþ òåðìîñòiéêiñòþ.

Ïîäÿêà. Öÿ äîñëiäíèöüêà ðîáîòà áóëà ïiäòðèìàíà
Ìiíiñòåðñòâîì îñâiòè i íàóêè Óêðà¨íè ( ðàíò M/47-
2022 �Íîâi ôîòîâîëüòà¨÷íi ìàòåðiàëè íà îñíîâi ïåðîâ-
ñêiòiâ i ôåðî¨êiâ�).
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LOW-TEMPERATURE TECHNOLOGY FOR OBTAINING TRANSPARENT ITO FILMS

WITH HIGH CONDUCTIVITY

B. Turko1, V. Vasiliev1, Y. Eliyashevskyy1, Ì. Rudko1, N. Shvets1, A. Vaskiv1, L. Hrytsak1, V. Kapustianyk1,

À. Kostruba2, S. Semak1
1Ivan Franko National University of Lviv, 50, Drahomanov St., Lviv, UA�79005, Ukraine,
2Stepan Gzhytskyi National University of Veterinary Medicine and Biotechnologies Lviv,

50, Pekarska St., UA�79010, Lviv, Ukraine

The paper reports the e�ect of low-temperature annealing (up to 150◦C) and light irradiation from
a quartz mercury lamp (up to 20 min) on the structural, optical, and electrical properties of Indium tin
oxide (ITO) �lms. 0.8 µm thick ITO �lms were obtained by RF magnetron sputtering of a commercial
target on the optically transparent glass substrates in an argon atmosphere without heating. Information
about the morphology of the ITO �lms' surface was obtained and the surface parameters were calculated
using the method of atomic force microscopy.

It has been found that the low temperature annealing for one hour and short-term irradiation wi-
th a quartz mercury lamp lead to an increase in the average size of crystallites and root-mean-square
(RMS) surface roughness, a decrease in the resistivity of ITO �lms as well as an increase in the optical
transparency in the visible spectral range. After annealing the ITO �lm at 150◦C, the average crystallite
size and RMS roughness of the surface increased approximately three times, and after 20 min irradiation
� approximately 1.6 times, respectively.

The lowest optical transparency in the visible spectral range among the studied experimental samples
was found to be for the non-annealed and non-irradiated ITO �lms, whereas the highest � for the samples
annealed at the highest temperature (150◦C) and irradiated for 5 min with the light from the DRT-125
lamp. On the basis of the analysis of optical absorption spectra of ITO �lms, we detected an increase in
their optical band gap from 3.59 eV for the unannealed �lm up to 3.66 eV with an increase in the annealing
temperature of the samples up to 150◦C. The resistivity of ITO �lms decreases with an increase in the
annealing temperature up to 150◦C and with an increase in the irradiation time with a light of the quartz
mercury lamp up to 20 minutes.

These results may be useful in the engineering of electronic devices based on the materials of low
thermal stability.

Key words: indium tin oxide, thin �lms, absorption spectra, re�ection spectra, crystal structure,
electrical resistance.
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