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Äëÿ ïðèáîðîâ ñ ãåòåðîñòðóêòóðàìè â êà÷åñòâå àêòèâíûõ ýëåìåíòîâ îñîáîå çíà÷åíèå èìåþò

ñâîéñòâà ãðàíèö ðàçäåëà, êîòîðûå çà÷àñòóþ èãðàþò îïðåäåëÿþùóþ ðîëü â ðàáîòå òàêèõ

óñòðîéñòâ. Ñîâåðøåíñòâîâàíèå õàðàêòåðèñòèê ïîëóïðîâîäíèêîâûõ ïðèáîðîâ íåâîçìîæíî

áåç äåòàëüíîãî àíàëèçà ïðîöåññîâ, ïðîèñõîäÿùèõ íà èíòåðôåéñàõ ãåòåðîïåðåõîäîâ. Âìåñòå

ñ òåì ðåçóëüòàòû â çíà÷èòåëüíîé ñòåïåíè çàâèñÿò îò ÷èñòîòû èñõîäíûõ ìàòåðèàëîâ è òåõ-

íîëîãèè èçãîòîâëåíèÿ ñëîåâ. Êðîìå òîãî, íåïðåðûâíî âîçðàñòàþò òðåáîâàíèÿ ê ñîñòàâó

ïðèìåñè è åå ðàñïðåäåëåíèþ. Ñîîòâåòñòâåííî, ïîâûøàþòñÿ òðåáîâàíèÿ ê ìåòîäàì êîíòðî-

ëÿ ðàñïðåäåëåíèÿ ïðèìåñè è îñíîâíûõ íîñèòåëåé çàðÿäà êàê íà ýòàïå ëàáîðàòîðíîé ðàç-

ðàáîòêè ñòðóêòóðû, òàê è íà ñòàäèè ïðîèçâîäñòâà ïîëóïðîâîäíèêîâîãî ïðèáîðà. Â äàííîé

ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû äèàãíîñòèêè ðàñïðåäåëåíèÿ êîíöåíòðàöèè îñíîâíûõ

íîñèòåëåé çàðÿäà â ïîëóïðîâîäíèêîâûõ ñòðóêòóðàõ ìåòîäîì ýëåêòðîõèìè÷åñêîãî âîëüò-

ôàðàäíîãî ïðîôèëèðîâàíèÿ (ECV-ïðîôèëèðîâàíèÿ). Ìåòîä íå òðåáóåò ñïåöèàëüíîé ïîä-

ãîòîâêè îáðàçöîâ, íàíåñåíèÿ êîíòàêòîâ äëÿ ïðîâåäåíèÿ èñïûòàíèé è ïîçâîëÿåò ïîëó÷àòü

äàííûå íå òîëüêî î ðàñïðåäåëåíèè ïðèìåñè, íî è î ðàñïðåäåëåíèè ñâîáîäíûõ íîñèòåëåé

çàðÿäà. Îí òàêæå äàåò âîçìîæíîñòü âåðèôèöèðîâàòü òîëùèíû ñëîåâ ïîëóïðîâîäíèêîâûõ

ãåòåðîñòðóêòóð. Äëÿ ïîâûøåíèÿ ðàçðåøåíèÿ ìåòîäà ïðîâåäåíà ìîäèôèêàöèÿ ñòàíäàðòíî-

ãî ýëåêòðîõèìè÷åñêîãî ïðîôèëîìåòðà. Ïðèâåäåíû äàííûå êàðòîãðàôèðîâàíèÿ ïîäëîæå÷-

íîé ñòðóêòóðû GaAs, ïðîôèëè ðàñïðåäåëåíèÿ êîíöåíòðàöèè îñíîâíûõ íîñèòåëåé çàðÿäà â

ñòðóêòóðàõ SiC, GaAs ñòðóêòóðå ñ p-n-ïåðåõîäîì, pHEMT-ãåòåðîñòðóêòóðå, GaN ãåòåðî-

ñòðóêòóðå ñ ìíîæåñòâåííûìè êâàíòîâûìè ÿìàìè è ãåòåðîñòðóêòóðíîì ñîëíå÷íîì ýëåìåí-

òå íà îñíîâå êðåìíèÿ. Ïîëó÷åííûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû äëÿ àíàëèçà ôè-

çè÷åñêèõ ñâîéñòâ è ÿâëåíèé â ïîëóïðîâîäíèêîâûõ ïðèáîðàõ, èñïîëüçóþùèõ êâàíòîâî-ðàç-

ìåðíûå ñëîè, à òàêæå äëÿ ñîâåðøåíñòâîâàíèÿ è óëó÷øåíèÿ ïàðàìåòðîâ ñóùåñòâóþùèõ

ýëåêòðîííûõ ïðèáîðîâ.
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The properties of interfaces in the heterostructures which frequently govern their operation are of partic-

ular importance for the devices containing heterostructures as active elements. Any further improving of

the characteristics of semiconductor devices is impossible without a detail analysis of the processes occur-

ring at the interfaces of heterojunctions. At the same time, the results largely depend on the purity of the

starting materials and the technology of layer manufacturing. Moreover, the requirements to the composi-

tion and distribution of the impurity steadily get stringent. Therefore, the requirements regarding the

methods of the impurity control and carrier distribution also become tougher both in the stage of labora-

tory development of the structure and in various stages of manufacturing of semiconductor devices. Elec-

trochemical capacitance-voltage profiling is distinguished among the methods of electrical diagnostics of

semiconductors by the absence of special preparation of the structures and deposition of the contacts to

perform measurements, thus providing for gaining information not only about the impurity distribution

but also about the distribution of free carriers. The goal of this work is to perform precise measurements

of the profiles of free carrier distribution in semiconductor structures of different types, and demonstrate
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the measuring capabilities of a modern technique for concentration distribution diagnostics, i.e., electro-

chemical capacitance-voltage profiling. The method allows verification of the layer thickness in semicon-

ductor heterostructures and provide a useful and informative feedback to technologists. To increase the

resolution of the method and broad up the range of available test frequencies, a standard electrochemical

profiler has been modified. Mapping data for GaAs substrate structure, the profiles of the concentration

distribution of the majority charge carriers in SiC structures, GaAs structure with a p – n junction,

pHEMT heterostructure, GaN heterostructure with multiple quantum wells, and in a silicon-based solar

cell heterostructure are presented. The obtained results can be used to analyze the physical properties and

phenomena in semiconductor devices with quantum-sized layers, as well as to improve and refine the pa-

rameters of existing electronic devices.

Keywords: ECV-profiling; diagnostics; semiconductors.

Ââåäåíèå

Ñîâðåìåííûå ïðèáîðû ìèêðîýëåêòðîíèêè

ìîãóò âêëþ÷àòü â êà÷åñòâå îñíîâû ïîëóïðîâîä-

íèêîâûå ãåòåðîñòðóêòóðû ñ äåñÿòêàìè ñëîåâ ïå-

ðåìåííîãî ñîñòàâà è óðîâíÿ ëåãèðîâàíèÿ òîëùè-

íîé äî íåñêîëüêèõ íàíîìåòðîâ. Ïîâûøåíèå òðå-

áîâàíèé ê ïðîèçâîäñòâó òàêèõ ñòðóêòóð ïðèâîäèò

ê òîìó, ÷òî äèàãíîñòèêà èõ ïàðàìåòðîâ ñòàíîâèò-

ñÿ îñíîâíûì ôàêòîðîì. Âìåñòå ñ òåì ñîâåðøåí-

ñòâîâàíèå õàðàêòåðèñòèê ïîëóïðîâîäíèêîâûõ

ïðèáîðîâ íåâîçìîæíî áåç äåòàëüíîãî àíàëèçà

ïðîöåññîâ, ïðîèñõîäÿùèõ íà ãðàíèöàõ ðàçäåëà

ãåòåðîïåðåõîäîâ.

Öåëü ðàáîòû — äèàãíîñòèêà ðàñïðåäåëåíèÿ

êîíöåíòðàöèè îñíîâíûõ íîñèòåëåé çàðÿäà (ÎÍÇ)

â ïîëóïðîâîäíèêîâûõ ñòðóêòóðàõ ðàçëè÷íûõ òè-

ïîâ ìåòîäîì ýëåêòðîõèìè÷åñêîãî âîëüò-ôàðàäíî-

ãî ïðîôèëèðîâàíèÿ.

Ìàòåðèàëû, ìåòîäèêà, îáîðóäîâàíèå

Ýëåêòðîõèìè÷åñêîå âîëüò-ôàðàäíîå ïðîôè-

ëèðîâàíèå (ECV-ïðîôèëèðîâàíèå) — ìîäèôèêà-

öèÿ êëàññè÷åñêîãî ìåòîäà âîëüò-ôàðàäíûõ õà-

ðàêòåðèñòèê (ÂÔÕ) [1, 2].

Êîíòàêò ýëåêòðîëèò — ïîëóïðîâîäíèê îáðà-

çóåò ïåðåõîä, ñõîæèé ñ êîíòàêòîì Øîòòêè [3, 4].

Ïðè ýòîì ïðèìåíåíèå æèäêîãî ýëåêòðîëèòà äëÿ

ñîçäàíèÿ âûïðÿìëÿþùåãî êîíòàêòà è òðàâëåíèÿ

ìàòåðèàëà äàåò âîçìîæíîñòü îñóùåñòâëÿòü îáà

ïðîöåññà â îäíîé ýëåêòðîõèìè÷åñêîé ÿ÷åéêå. Ýòî

â ñâîþ î÷åðåäü ïîçâîëÿåò àâòîìàòèçèðîâàòü èç-

ìåðåíèå ïðîôèëÿ ÎÍÇ ïî ãëóáèíå ñòðóêòóðû.

Ìåòîäîì ECV-ïðîôèëèðîâàíèÿ ìîæíî âåðè-

ôèöèðîâàòü òîëùèíû ñëîåâ ïîëóïðîâîäíèêîâûõ

ãåòåðîñòðóêòóð. Â îòëè÷èå îò òðàäèöèîííûõ

âîëüò-ôàðàäíûõ èñïûòàíèé, ïðè êîòîðûõ ãëó-

áèíà ïðîôèëèðîâàíèÿ îïðåäåëÿåòñÿ øèðèíîé

îáëàñòè îáúåìíîãî çàðÿäà (ÎÎÇ) ïðè çàäàííîì

ñìåùåíèè è îãðàíè÷åíà íàïðÿæåíèåì ïðîáîÿ [5],

ñ ïîìîùüþ ECV-ìåòîäà ìîæíî èçìåðÿòü ðàñïðå-

äåëåíèå êîíöåíòðàöèè íà ãëóáèíå â äåñÿòêè ìèê-

ðîìåòðîâ. Çàìåòèì, ÷òî äëÿ áîëüøèíñòâà ýïèòàê-

ñèàëüíûõ ñòðóêòóð òðàâëåíèå ãëóáæå 1 ìêì íå

òðåáóåòñÿ.

Ýëåêòðîõèìè÷åñêîå òðàâëåíèå ïîëóïðîâîä-

íèêà âûïîëíÿþò ïóòåì ñîîòâåòñòâóþùåãî âûáî-

ðà ïîòåíöèàëà ýëåêòðîäà. Äëÿ ìàòåðèàëà ñ äû-

ðî÷íûì òèïîì ïðîâîäèìîñòè (p-òèïà) ýòîò ïîòåí-

öèàë íàõîäèòñÿ â îáëàñòè ïðÿìîãî ñìåùåíèÿ, ò.å.

ðàáî÷èé ýëåêòðîä (íà îáðàçöå) äîëæåí èìåòü ïî-

ëîæèòåëüíûé ïîòåíöèàë îòíîñèòåëüíî ïîòåí-

öèàëà â ýëåêòðîõèìè÷åñêîé ÿ÷åéêå [6]. Â ñëó÷àå

ìàòåðèàëà c ýëåêòðîííûì òèïîì ïðîâîäèìîñòè

(n-òèïà) èñïîëüçóþò îáðàòíîå ñìåùåíèå. Äëÿ

òðàâëåíèÿ ïðèìåíÿþò ïîäñâåòêó ñ ñîîòâåòñòâóþ-

ùåé äëèíîé âîëíû èçëó÷åíèÿ.

Ñêîðîñòü òðàâëåíèÿ ïîëóïðîâîäíèêà ïðîïîð-

öèîíàëüíà òîêó I, ïðîòåêàþùåìó ÷åðåç ãðàíèöó

ðàçäåëà ïîëóïðîâîäíèê — ýëåêòðîëèò. Ãëóáèíó

òðàâëåíèÿ xr îïðåäåëÿþò ïî ýëåêòðîõèìè÷åñêîìó

çàêîíó Ôàðàäåÿ [7]:
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ãäå M — ìîëåêóëÿðíûé âåñ òðàâÿùåãîñÿ ìàòå-

ðèàëà; z — âàëåíòíîå ÷èñëî èîíîâ âåùåñòâà; F —

ïîñòîÿííàÿ Ôàðàäåÿ; ñ — ïëîòíîñòü ìàòåðèàëà;

S — ïëîùàäü êîíòàêòà ïîëóïðîâîäíèê — ýëåê-

òðîëèò; t — âðåìÿ.

Øèðèíà ÎÎÇ xd ñîñòàâèò

xd = (åå0S
2)/C, (2)

ãäå C — èçìåðÿåìàÿ ïðèáîðîì áàðüåðíàÿ åì-

êîñòü; å, å0 — äèýëåêòðè÷åñêèå ïðîíèöàåìîñòè

ïîëóïðîâîäíèêà è âàêóóìà.

Êîíöåíòðàöèþ ÎÍÇ íà ãðàíèöå ÎÎÇ (íà ãëó-

áèíå xr + xd) íàõîäÿò ñòàíäàðòíûì äëÿ âîëüò-ôà-

ðàäíûõ èçìåðåíèé ñïîñîáîì (÷åðåç ïðîèçâîäíóþ

åìêîñòè C ïî ïðèëîæåííîìó íàïðÿæåíèþ U):
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ãäå q — çàðÿä ýëåêòðîíà.

Èñïûòàíèÿ ïðîâîäèëè íà àâòîìàòèçèðîâàí-

íîé óñòàíîâêå ýëåêòðîõèìè÷åñêîãî âîëüò-ôàðàä-

íîãî ïðîôèëèðîâàíèÿ ECVPro êîìïàíèè Nano-

metrics (äèàïàçîí èçìåðåíèÿ ðàñïðåäåëåíèÿ êîí-
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öåíòðàöèè ÎÍÇ — 1012 – 1021 ñì–3, êëàññ èññëå-

äóåìûõ ïîëóïðîâîäíèêîâûõ ìàòåðèàëîâ âêëþ÷à-

åò ïîëóïðîâîäíèêè IV ãðóïïû (Si, á-Si:H, Ge,

SiC), ãðóïï A3B5 (GaAs, GaP, InAs, InP) è A2B6

(ZnO, CdTe, HgCdTe), íèòðèäû (GaN, AlGaN,

InGaN, AlInN) è äð.). Óñòàíîâêà ïîçâîëÿëà èçìå-

ðÿòü ïðîôèëü ðàñïðåäåëåíèÿ êîíöåíòðàöèè ÎÍÇ

â äâóõ ðåæèìàõ: ïðîôèëèðîâàíèå ãðàíèöåé ÎÎÇ

(depletion mode) èëè ïîñðåäñòâîì ýëåêòðîõèìè-

÷åñêîãî òðàâëåíèÿ (etching mode). Âñòðîåííàÿ

ýëåêòðîíèêà èñêëþ÷àëà äðåéô ïðèáîðà è îáåñ-

ïå÷èâàëà óâåðåííîå ñîîòíîøåíèå ñèãíàë/øóì, à

ñèñòåìà öèðêóëÿöèè ýëåêòðîëèòà (debubbling)

ïîääåðæèâàëà ðàâíîìåðíîå òðàâëåíèå ìàòåðèà-

ëà. Ñîñòîÿíèå ïîâåðõíîñòè èññëåäóåìîãî îáðàçöà

âî âðåìÿ ïðîôèëèðîâàíèÿ êîíòðîëèðîâàëè ñ ïî-

ìîùüþ óñòàíîâëåííîé â ïðîôèëîìåòðå âèäåîêà-

ìåðû. Áëàãîäàðÿ òîìó, ÷òî ECV-ïðîôèëèðîâàíèå

êàëèáðîâàëè äëÿ êàæäîãî èñïûòàíèÿ [8], ïîãðåø-

íîñòü èçìåðåíèÿ êîíöåíòðàöèè ñâîáîäíûõ íî-

ñèòåëåé çàðÿäà íå ïðåâûøàëà íåñêîëüêèõ ïðî-

öåíòîâ [9]. Ðåàëèçîâàííûé â ECVPro ïîäõîä èç-

ìåðåíèÿ íà äâóõ ÷àñòîòàõ [10] ïîçâîëÿë íàõîäèòü

ïîëíîå ðåøåíèå äëÿ òðåõêîìïîíåíòíîé ýêâèâà-

ëåíòíîé ñõåìû èñïûòàíèé, ÷òî àêòóàëüíî äëÿ îá-

ðàçöîâ ñ òîëñòîé ñëàáîëåãèðîâàííîé ïîäëîæêîé.

Ñïåêòð èçëó÷åíèÿ ðòóòíî-êñåíîíîâîé ëàìïû âû-

ñîêîãî äàâëåíèÿ L8251 (200 Âò) — èñòî÷íèêà

ÓÔ-èçëó÷åíèÿ â óñòàíîâêå — äàâàë âîçìîæíîñòü

ïðîâîäèòü òðàâëåíèå â òîì ÷èñëå è øèðîêîçîí-

íûõ ïîëóïðîâîäíèêîâ.

Îäíàêî ïðè âñåõ äîñòîèíñòâàõ íà óñòàíîâêå

ECVPro íåâîçìîæíû, íàïðèìåð, ïðîôèëèðîâà-

íèå êâàíòîâîé ÿìû (Êß) âáëèçè ìåòàëëóðãè-

÷åñêîé ãðàíèöû p-n-ïåðåõîäà, èçìåðåíèå ãåòåðî-

ñòðóêòóðíûõ á-Si:H ñîëíå÷íûõ ýëåìåíòîâ ÷åðåç

ïðîâîäÿùèå ñëîè îêñèäà èíäèÿ-îëîâà (ITO), à

òàêæå ïîëó÷åíèå äîñòàòî÷íîãî ïî ãëóáèíå ðàçðå-

øåíèÿ ïðè èçìåðåíèè ñòðóêòóð ñ ïðîôèëåì ëåãè-

ðîâàíèÿ òèïà low-high, êîððåêòíîãî çíà÷åíèÿ

êîíöåíòðàöèè â íèçêîëåãèðîâàííûõ óçêîçîííûõ

ïîëóïðîâîäíèêàõ è äð. [5, 11 – 14]. Ïîýòîìó äëÿ

ðàñøèðåíèÿ ñïåêòðà èññëåäóåìûõ ïîëóïðîâîä-

íèêîâûõ ïðèáîðîâ äîïîëíèòåëüíî èñïîëüçîâàëè

àâòîìàòèçèðîâàííûé èçìåðèòåëüíûé ìîäóëü íà

îñíîâå ïëàòôîðìû NI PXI-1042Q (ðèñ. 1).

Óïðàâëåíèå îáîðóäîâàíèåì è îáðàáîòêà ñèã-

íàëà â ìîäóëå îñóùåñòâëÿëèñü ñ ïðèìåíåíèåì

ïðîãðàììíîãî îáåñïå÷åíèÿ NI LabVIEW. Âíåø-

íèé RLC-ìåòð Agilent E4980A ïîäêëþ÷àëñÿ ÷åðåç

íàáîð ðåëå (âìåñòî âñòðîåííîãî èçìåðèòåëÿ åìêî-

ñòè â ECVPro). Ðåëå óïðàâëÿëîñü èñòî÷íèêîì-èç-

ìåðèòåëåì NI PXI-4132, êîòîðûé èñïîëüçîâàëñÿ

òàêæå äëÿ ñèíõðîíèçàöèè âðåìåíè ïåðåêëþ÷å-

íèÿ ðåëå ñî âðåìåíåì íà÷àëà ðàáîòû RLC-ìåòðà.

Ãåíåðàöèÿ íàïðÿæåíèÿ ñìåùåíèÿ è ïåðåìåííîãî

ñèãíàëà îñóùåñòâëÿëàñü ñ ïîìîùüþ ãåíåðàòîðà

ñèãíàëîâ NI PXI-5412, ïîäêëþ÷åííîãî ê ýëåêòðî-

õèìè÷åñêîé ÿ÷åéêå ECVPro ÷åðåç îïåðàöèîííûé

óñèëèòåëü, âêëþ÷åííûé ïî ñõåìå ïîòåíöèîñòàòà.

Ïîäêëþ÷åíèå RLC-ìåòðà ê ýëåêòðîõèìè÷å-

ñêîé ÿ÷åéêå ïî ÷åòûðåõïðîâîäíîé ñõåìå ïîçâîëÿ-

ëî óìåíüøèòü ïàðàçèòíîå âëèÿíèå ïîñëåäîâà-

òåëüíîãî ñîïðîòèâëåíèÿ ýëåêòðîëèòà è îìè÷å-

ñêèõ êîíòàêòîâ ê îáðàçöó. Íàïðÿæåíèå ñìåùå-

íèÿ îãðàíè÷èâàëîñü äèàïàçîíîì ðàáîòû RLC-

ìåòðà (±40 Â).

Ìîäèôèöèðîâàííóþ óñòàíîâêó òåñòèðîâàëè

è êàëèáðîâàëè ñ èñïîëüçîâàíèåì äèñêðåòíûõ åì-

êîñòåé è ðåçèñòîðîâ.

Â ðåçóëüòàòå ìîäèôèêàöèè ECV-ïðîôèëî-

ìåòðà çà ñ÷åò ïîäêëþ÷åíèÿ âíåøíåãî RLC-ìåòðà

ñ òî÷íîñòüþ ïîäà÷è íàïðÿæåíèÿ äî 1 ìÂ ïîâû-

ñèëîñü ðàçðåøåíèå èçìåðèòåëÿ ïî êîîðäèíàòå è

ðàñøèðèëñÿ ÷àñòîòíûé äèàïàçîí ïðè èçìåðåíèè

ÂÔÕ ñ 10 êÃö äî 2 ÌÃö. Ýòî ñäåëàëî âîçìîæíûì

ïðîôèëèðîâàíèå Êß, ðàñïîëîæåííûõ âáëèçè

ìàêñèìóìà ðàñïðåäåëåíèÿ íàïðÿæåííîñòè ýëåê-

òðè÷åñêîãî ïîëÿ p-n-ïåðåõîäà [11, 12].

Â èçìåðèòåëüíîì ìîäóëå áûëè ðåàëèçîâà-

íû äâà ïîäõîäà: èçìåðåíèå íåðàâíîâåñíûõ ÂÔÕ

è åìêîñòè â øèðîêîì äèàïàçîíå ÷àñòîò [15].

Ïåðâûé ïîçâîëÿë èçáåæàòü îøèáîê, ñâÿçàííûõ

ñ íàêîïëåíèåì ïîäâèæíûõ íîñèòåëåé çàðÿäà íà

ïîâåðõíîñòè óçêîçîííîãî ïîëóïðîâîäíèêà (òàê,

â n-InAs ñ øèðèíîé çàïðåùåííîé çîíû 0,35 ýÂ

áûëà ðåøåíà ïðîáëåìà çàâûøåííîé íàáëþäàå-
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Ðèñ. 1. Èçìåðèòåëüíûé ìîäóëü íà áàçå RLC-ìåòðà Agi-

lent E4980A è ìîäóëüíîé ïëàòôîðìû NI PXI-1042Q

Fig. 1. The measuring module based on an Agilent E4980A

RLC-meter and NI PXI-1042Q modular platform



ìîé êîíöåíòðàöèè ÎÍÇ). Âòîðîé áûë íàèáîëåå

ýôôåêòèâåí ïðè èçìåðåíèè øèðîêîçîííûõ ìàòå-

ðèàëîâ ñ íåïîëíîé èîíèçàöèåé ïðèìåñè (îòäåëü-

íî ïðîôèëè ðàñïðåäåëåíèÿ êîíöåíòðàöèè ÎÍÇ è

ïðèìåñè ñòàíîâèëèñü äîñòóïíû äëÿ èçìåðåíèÿ â

óñëîâèÿõ êîìíàòíîé òåìïåðàòóðû ïðè èñïîëüçî-

âàíèè ECV-ïðîôèëîìåòðà íà ðàçíûõ ÷àñòîòàõ

òåñòîâîãî ñèãíàëà [15]). Òàêèì îáðàçîì, èñêëþ÷à-

ëàñü íåîáõîäèìîñòü äîïîëíèòåëüíûõ èñïûòàíèé

ñ èñïîëüçîâàíèåì âòîðè÷íîé èîííîé ìàññ-ñïåê-

òðîìåòðèè (ÂÈÌÑ).

Îáñóæäåíèå ðåçóëüòàòîâ

Èññëåäîâàëè ïîäëîæêó àðñåíèäà ãàëëèÿ n-òè-

ïà (êîíöåíòðàöèÿ ëåãèðóþùåé ïðèìåñè — 1,2 ×
× 1018 ñì–3). Îòìåòèì, ÷òî ECV-ìåòîä ïðåäïîëà-

ãàåò ñîîòâåòñòâóþùóþ ïîäãîòîâêó îáðàçöà, âû-

áîð è ïðèãîòîâëåíèå ýëåêòðîëèòà è äð. [16].

Íà ðèñ. 2 ïðèâåäåíû âîëüò-àìïåðíûå õàðàê-

òåðèñòèêè (ÂÀÕ) ïîäëîæêè GaAs (J — ïëîòíîñòü

òîêà, âåðòèêàëüíàÿ øòðèõîâàÿ ëèíèÿ — âîññòà-

íîâëåííàÿ ãðàíèöà èñòèííûõ ïîëîæèòåëüíûõ è

îòðèöàòåëüíûõ ñìåùåíèé (ò.å. 0 Â — â àáñîëþò-

íîé øêàëå, à íå îòíîñèòåëüíî ïëàòèíîâîãî ýëåê-

òðîäà ñðàâíåíèÿ)). Âèäíî, ÷òî ÂÀÕ îáðàçöà,

èìåþùèå ñòàíäàðòíûé âèä [17], íåìíîãî ñìåùå-

íû ïî íàïðÿæåíèþ îòíîñèòåëüíî íóëÿ. Ýòî ñâÿ-

çàíî ñ òåì, ÷òî ïîòåíöèàëû â ýëåêòðîõèìè÷åñêîé

ÿ÷åéêå óñòàíîâêè èçìåðÿëèñü îòíîñèòåëüíî ýëåê-

òðîäà ñðàâíåíèÿ [18].

Ïî âåëè÷èíå íàïðÿæåíèÿ íà ðàçîìêíóòîé

ýëåêòðîõèìè÷åñêîé ÿ÷åéêå (òî÷êà ïåðåñå÷åíèÿ

äâóõ ÂÀÕ) ìîæíî îöåíèòü ñäâèã õàðàêòåðèñòèê

îòíîñèòåëüíî íà÷àëà îòñ÷åòà è îïðåäåëèòü òèï

íîñèòåëåé çàðÿäà â ïîëóïðîâîäíèêå. Îòðèöà-

òåëüíûé ñäâèã ïîòåíöèàëà õàðàêòåðèçóåò n-òèï,

ïîëîæèòåëüíûé — p-òèï. Çàìåòèì, ÷òî îïðåäåëå-

íèå òèïà íîñèòåëåé ìîæåò áûòü íåêîððåêòíûì,

åñëè â èññëåäóåìîé ñòðóêòóðå ïðèñóòñòâóþò íå-

ñêîëüêî ñëîåâ ñ ðàçíûì òèïîì ïðîâîäèìîñòè èëè

â ñëó÷àå ñëèøêîì âûñîêîãî óðîâíÿ ëåãèðîâàíèÿ.

Ïî ÂÀÕ îïðåäåëÿëè íàïðÿæåíèå òðàâëåíèÿ è

îïòèìàëüíûé äèàïàçîí íàïðÿæåíèé, ñîîòâåò-

ñòâóþùèé îáëàñòè ïîñòîÿííîé ïëîòíîñòè òîêà

ïðè ïîäñâåòêå. Ñ èõ ïîìîùüþ èçìåðÿëè ÂÔÕ îá-

ðàçöà (ðèñ. 3).

Ïîëó÷èëè, ÷òî ÂÔÕ èìåþò íåçíà÷èòåëüíîå

îòêëîíåíèå îò ëèíåéíîñòè â îáëàñòè 0,75 – 1 Â,

ñâÿçàííîå ñ âîçðàñòàíèåì ïëîòíîñòè òîêà. Ïîýòî-

ìó ðàáî÷óþ òî÷êó äëÿ êîððåêòíîãî èçìåðåíèÿ

êîíöåíòðàöèè â ðåæèìå òðàâëåíèÿ âûáèðàëè â

ñåðåäèíå ëèíåéíîãî ó÷àñòêà ÂÔÕ (–0,33 Â).

×åðåäóÿ ýëåêòðîõèìè÷åñêîå òðàâëåíèå è

âîëüò-ôàðàäíûå èçìåðåíèÿ [19, 20], îöåíèâàëè

ðàñïðåäåëåíèå êîíöåíòðàöèè ÎÍÇ ïî ãëóáèíå

ñòðóêòóðû (ðèñ. 4).

Çàìåòèì, ÷òî èçìåðèòåëüíàÿ òî÷êà íà êîí-

öåíòðàöèîííîì ïðîôèëå îïðåäåëÿåòñÿ øèðèíîé

ÎÎÇ ïðè äàííîì óðîâíå ëåãèðîâàíèÿ. Ïðè ýòîì,

ââèäó ôóíäàìåíòàëüíîãî îãðàíè÷åíèÿ, îíà íå

ìîæåò ðàñïîëàãàòüñÿ îò ïîâåðõíîñòè íà ðàññòîÿ-

íèè ìåíåå 2 – 3 äåáàåâñêèõ äëèí ýêðàíèðîâàíèÿ.

Ðàçðåøåíèå ïî êîîðäèíàòå êîíöåíòðàöèîí-

íîãî ïðîôèëÿ òàêæå îãðàíè÷åíî äåáàåâñêîé äëè-

íîé ýêðàíèðîâàíèÿ [5]. Â ñâîþ î÷åðåäü òî÷íîñòü

îïðåäåëåíèÿ êîíöåíòðàöèè çàâèñèò îò ïîãðåø-

íîñòè èçìåðåíèÿ åìêîñòè ÄC [21]:
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Ðèñ. 2. ÂÀÕ ïîäëîæêè GaAs, ïîëó÷åííûå ñ ïîäñâåòêîé

(1) è áåç (2)

Fig. 2. The current-voltage curve of GaAs substrate ob-

tained with (1) and without illumination (2)

Ðèñ. 3. ÂÔÕ ïîäëîæêè GaAs (1) è ëèíåéíàÿ àïïðîêñèìà-

öèÿ (2)

Fig. 3. The current-voltage curve of GaAs substrate (1) and

the linear approximation (2)



Ïî ìåðå ïðîôèëèðîâàíèÿ ñîîòíîøåíèå ñèã-

íàë/øóì â èçìåðÿåìîì êîíöåíòðàöèîííîì ïðî-

ôèëå óìåíüøàåòñÿ. Ýòîò ýôôåêò, îäíàêî, äîñòà-

òî÷íî óñïåøíî ïîäàâëÿåòñÿ â ECVPro çà ñ÷åò

ïðèìåíÿåìîé îáðàòíîé ñâÿçè [22].

Ïî ïîâåðõíîñòè êðàòåðà òðàâëåíèÿ (ñì.

ðèñ. 4) âèäíî, ÷òî ïðè îïòèìàëüíûõ ïàðàìåòðàõ

èñïûòàíèÿ ìîäèôèêàöèÿ ïîâåðõíîñòè íå íàáëþ-

äàåòñÿ äàæå íà ãëóáèíå 1 ìêì. Ïîñêîëüêó àêòèâ-

íûå ñëîè ïðèáîðíûõ ñòðóêòóð ðàñïîëàãàþòñÿ,

êàê ïðàâèëî, â îáëàñòè äî 300 íì îò ïîâåðõíîñòè,

ýòî ãàðàíòèðóåò äîñòîâåðíîñòü ïîëó÷àåìûõ ðå-

çóëüòàòîâ.

Â ïðîöåññå êàëèáðîâêè ðåæèìà òðàâëåíèÿ

ïîäáèðàëè îïòèìàëüíûå ïàðàìåòðû ýêñïåðèìåí-

òà (òîê òðàâëåíèÿ, óðîâåíü îñâåùåííîñòè îáðàç-

öà, êîíöåíòðàöèÿ ýëåêòðîëèòà è äð.). Íåóäà÷íûé

âûáîð, íàïðèìåð, òîêà âåäåò ê óâåëè÷åíèþ øåðî-

õîâàòîñòè äíà êðàòåðà òðàâëåíèÿ è, ñîîòâåòñò-

âåííî, ðîñòó ýôôåêòèâíîé ïëîùàäè êîíòàêòà.

Ñëåäñòâèåì ýòîãî áóäåò çàíèæåíèå íàáëþäàåìîé

êîíöåíòðàöèè ýëåêòðîíîâ â ïðîöåññå ïðîôè-

ëèðîâàíèÿ (ðèñ. 5). Êðîìå òîãî, ïîâûøåíèå ñêî-

ðîñòè áîêîâîãî ïðîòðàâà è íåðàâíîìåðíîãî ëà-

òåðàëüíîãî òðàâëåíèÿ ìîãóò ïðèâîäèòü ê äåãðà-

äàöèè ïîâåðõíîñòè êðàòåðà (ðèñ. 6). Ïðè îïòè-

ìàëüíûõ ïàðàìåòðàõ ýêñïåðèìåíòà çíà÷åíèå

êîíöåíòðàöèè ïðàêòè÷åñêè ïîñòîÿííî ïî ìåðå

òðàâëåíèÿ (ìåíÿåòñÿ ëèøü â òðåòüåì çíàêå ïîñëå

çàïÿòîé).

Êà÷åñòâî ïîâåðõíîñòè êðàòåðà êîíòðîëèðîâà-

ëè òàêæå ñ ïîìîùüþ àòîìíî-ñèëîâîé ìèêðîñêî-

ïèè (ÀÑÌ) (ðèñ. 7). Ïîëó÷èëè, ÷òî äî òðàâëåíèÿ

ñðåäíÿÿ âåëè÷èíà øåðîõîâàòîñòè Z ñîñòàâëÿëà 2,
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Ðèñ. 4. Ðàñïðåäåëåíèå êîíöåíòðàöèè ýëåêòðîíîâ n ïî ãëóáèíå x ïîäëîæêè GaAs â îäíîé èçìåðèòåëüíîé òî÷êå (íà âðåç-

êàõ — ïîâåðõíîñòè êðàòåðà òðàâëåíèÿ)

Fig. 4. Distribution of the electron concentration n in depth x of GaAs substrate at a single measurement point (in the in-

sets — the etching crater surface)



ïîñëå — 1,5 íì (RMS 0,441 è 0,337 íì ñîîòâåòñò-

âåííî). Ýòî ñâèäåòåëüñòâóåò î òîì, ÷òî ïîâåðõ-

íîñòü ïðè ECV-ïðîôèëèðîâàíèè ïðàêòè÷åñêè íå

èçìåíèëàñü, à âûáîð ýëåêòðîëèòà è ïàðàìåòðîâ

èñïûòàíèé áûë êîððåêòíûì.

Ðàñïðåäåëåíèå êîíöåíòðàöèè ýëåêòðîíîâ ïî

ïëîùàäè ïîäëîæêè ïðåäñòàâëåíî íà ðèñ. 8 (ñðåä-

íåêâàäðàòè÷íîå îòêëîíåíèå ñðåäíåãî ïî ïëàñòè-

íå — ìåíåå 7 %).

Äîñòîâåðíûå èñïûòàíèÿ ìíîãîñëîéíûõ ãåòå-

ðîñòðóêòóð ñ Êß è îáëàñòÿìè ðåçêîãî íåîäíîðîä-

íîãî ëåãèðîâàíèÿ íåâîçìîæíû áåç ïðåäâàðèòåëü-

íîé êàëèáðîâêè è âåðèôèêàöèè íà áîëåå «ïðî-

ñòûõ» ñòðóêòóðàõ ñ çàðàíåå èçâåñòíûìè ïàðàìåò-

ðàìè. Íà ðèñ. 9 ïðèâåäåíû ðåçóëüòàòû èçìåðå-

íèé êîíöåíòðàöèè ÎÍÇ â ïîäëîæå÷íûõ îáðàçöàõ

SiC p- è n-òèïîâ ëåãèðîâàíèÿ (~9 · 1016 è

~1 · 1016 ñì–3 ñîîòâåòñòâåííî). Îòìåòèì, ÷òî ïî-

ëîæåíèå ïåðâîé èçìåðèòåëüíîé òî÷êè â ýêñïå-

ðèìåíòå îïðåäåëÿåòñÿ âåëè÷èíîé ëåãèðîâàíèÿ
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Ðèñ. 5. Ðàñïðåäåëåíèå ýëåêòðîíîâ n ïî ãëóáèíå x ïîä-

ëîæêè GaAs ïðè îïòèìàëüíûõ (1) è íåîïòèìàëüíûõ ïàðà-

ìåòðàõ èçìåðåíèé (2)

Fig. 5. Distribution of the electron concentration n in

depth x of GaAs substrate at optimal (1) and non-optimal (2)

parameters of measurements

Ðèñ. 6. Ïîâåðõíîñòü êðàòåðà òðàâëåíèÿ ïðè íåîïòèìàëüíûõ ïàðàìåòðàõ èçìåðåíèé

Fig. 6. The etching crater surface at non-optimal measurement parameters

a á â

Ðèñ. 7. Ïîâåðõíîñòü ïîäëîæêè GaAs äî (à) è ïîñëå òðàâëåíèÿ (â), ÀÑÌ-ïðîôèëü êðàòåðà òðàâëåíèÿ (á) (íà âñòàâêàõ (óêà-

çàíû ñòðåëêàìè) — ñîîòâåòñòâóþùèå çíà÷åíèÿ øåðîõîâàòîñòè Z)

Fig. 7. The surface of GaAs substrate before (a) and after etching (c), AFM etching pit crater profile (b) (in the insets (indi-

cated by arrows) — the corresponding roughness values Z)



ñòðóêòóðû — íà÷àëüíîé âåëè÷èíîé ÎÎÇ ïîä

ýëåêòðîëèòè÷åñêèì áàðüåðîì.

ECV-ìåòîäîì îïðåäåëÿëè ìåòàëëóðãè÷åñêóþ

ãðàíèöó p-n-ïåðåõîäà (ðèñ. 10).

Íà ïðîôèëå ðàñïðåäåëåíèÿ êîíöåíòðàöèè

ÎÍÇ ïî ãëóáèíå îáðàçöà p+-p-n-ñòðóêòóðû íà îñ-

íîâå GaAs ìîæíî âûäåëèòü òðè õàðàêòåðíûõ

ó÷àñòêà: ñèëüíîëåãèðîâàííûé p+-ñëîé (ãëóáèíà

îò ïîâåðõíîñòè äî 2 ìêì), ñëàáîëåãèðîâàííûé

p-ñëîé (2 – 4 ìêì) è n-ñëîé (ïîäëîæêà) (áîëåå

4 ìêì âãëóáü ñòðóêòóðû). Ìåòàëëóðãè÷åñêàÿ ãðà-

íèöà ðàñïîëîæåíà íà ãëóáèíå 4 ìêì è âûäåëÿåò-

ñÿ õàðàêòåðíûìè äëÿ ECV-ïðîôèëèðîâàíèÿ êîí-

öåíòðàöèîííûìè âñïëåñêàìè ïî îáå ñòîðîíû.

Ðåçóëüòàòû èñïûòàíèé îáðàçöîâ pHEMT-ãå-

òåðîñòðóêòóðû ñ ó÷àñòêàìè ðåçêîãî èçìåíåíèÿ

ðàñïðåäåëåíèÿ êîíöåíòðàöèè è ãåòåðîñòðóêòóðû

ñ ìíîæåñòâåííûìè Êß InGaN/GaN ïðåäñòàâëåíû

íà ðèñ. 11.

Íà ïðîôèëå (pHEMT-ãåòåðîñòðóêòóðà) ïðî-

ñëåæèâàþòñÿ êîíòàêòíàÿ îáëàñòü ñèëüíîëåãè-

ðîâàííîãî n+-ñëîÿ (ãëóáèíà îò ïîâåðõíîñòè äî

45 íì), íåëåãèðîâàííûé áàðüåðíûé ñëîé (45 –

80 íì), n+-äîíîðíûé ñëîé (áîëåå 90 íì) è îáëàñòü

Êß In0.22Ga0.78As (110 íì).

Çàìåòèì, ÷òî â ñòðóêòóðå ïðèñóòñòâîâàëè

ñëîè AlGaAs. Èçâåñòíî, ÷òî ïî ìåðå óâåëè÷åíèÿ

äîëè àëþìèíèÿ â òâåðäîì ðàñòâîðå ïîâûøàåòñÿ

è ñëîæíîñòü òðàâëåíèÿ. Â äàííîì ñëó÷àå ñëîé

AlGaAs âûñòóïàë â êà÷åñòâå òàê íàçûâàåìîãî

ñòîï-ñëîÿ — èíäèêàòîðà äîñòèæåíèÿ íåîáõîäè-

ìîé ãëóáèíû òðàâëåíèÿ äëÿ ïîñëåäóþùåãî çà-

ãëóáëåíèÿ çàòâîðà â ýòîé îáëàñòè.

Èñïûòàíèÿ ïîêàçàëè, ÷òî Êß In0.15Ga0.85N íà

n-GaN ïîäëîæêå îòäåëÿþòñÿ äðóã îò äðóãà GaN

ñïåéñåðàìè òîëùèíîé 10 íì. Ïåðèîä è òîëùèíà

Êß (2 íì) õîðîøî ñîãëàñóþòñÿ ñî ñïåöèôèêàöèåé

ñòðóêòóðû.

Ñêâîçíûì ýëåêòðîõèìè÷åñêèì ïðîôèëèðî-

âàíèåì ñòðóêòóðû ñîëíå÷íîãî ýëåìåíòà íà îñíî-

âå á-Si/Si HJT-ãåòåðîñòðóêòóðû [12] óñòàíî-

âèëè, ÷òî êîíöåíòðàöèÿ ÎÍÇ ìåíÿåòñÿ îò 5 · 1015

(â ãëóáèíå ìîíîêðèñòàëëè÷åñêîé Si ïîäëîæêè)

äî ~1 · 1022 ñì–3 (â ïîâåðõíîñòíîì ñëîå ITO)

(ðèñ. 12).

Ìåòîä ECV-ïðîôèëèðîâàíèÿ â îòëè÷èå îò

äðóãèõ ïîäõîäîâ ïîçâîëèë èçìåðèòü ïðîôèëü

ðàñïðåäåëåíèÿ êîíöåíòðàöèè ÎÍÇ â ìàòåðèàëå,

êîòîðûé ôàêòè÷åñêè ÿâëÿåòñÿ ïîëóìåòàëëîì

[23 – 26]. Êðîìå òîãî, ïîñòîÿííîå çíà÷åíèå êîí-

öåíòðàöèè âáëèçè ïîâåðõíîñòè äàåò âîçìîæíîñòü

îïðåäåëèòü ïîëîæåíèå ãåòåðîãðàíèöû ìåæäó

ñëîÿìè ITO è àìîðôíîãî ïîëóïðîâîäíèêà ðàç-

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2021. Òîì 87. ¹ 1 41

Ðèñ. 8. Ðàñïðåäåëåíèå êîíöåíòðàöèè ýëåêòðîíîâ n ïî

ïëîùàäè ïîäëîæêè GaAs

Fig. 8. Distribution of the electron concentration n over

the GaAs substrate surface

p

n

Ðèñ. 9. Ðàñïðåäåëåíèå êîíöåíòðàöèé ÎÍÇ ïî ãëóáèíå x

â îáðàçöàõ SiC p- è n-òèïîâ ëåãèðîâàíèÿ ñîîòâåòñòâåííî

Fig. 9. Concentration distribution of the majority charge

carriers in depth x of p- and n-type doped SiC samples

Ðèñ. 10. Ðàñïðåäåëåíèå êîíöåíòðàöèé äûðîê p è ýëåê-

òðîíîâ n ïî ãëóáèíå x îáðàçöà p+ – p – n-ñòðóêòóðû íà

îñíîâå GaAs

Fig. 10. Concentration distributions of holes p and elec-

trons n in depth x of GaAs-based p+ – p – n-structure



ëè÷íîãî òèïà ïðîâîäèìîñòè è, ñîîòâåòñòâåííî,

òîëùèíû ñëîåâ ITO.

Çàêëþ÷åíèå

Ìåòîä ýëåêòðîõèìè÷åñêîãî âîëüò-ôàðàäíîãî

ïðîôèëèðîâàíèÿ ïîçâîëÿåò ñ âûñîêîé ÷óâñòâè-

òåëüíîñòüþ (áîëüøåé, ÷åì ó ìåòîäà ÂÈÌÑ) è èí-

ôîðìàòèâíîñòüþ äèàãíîñòèðîâàòü ñîâðåìåííûå

ïîëóïðîâîäíèêîâûå ìàòåðèàëû è ñòðóêòóðû.

Ìåòîäîì ECV-ïðîôèëèðîâàíèÿ ïðîâåäåíî êàð-

òîãðàôèðîâàíèå ïîäëîæå÷íîé ñòðóêòóðû GaAs,

ïîëó÷åíû ïðîôèëè ðàñïðåäåëåíèÿ êîíöåíòðà-

öèè ÎÍÇ â ïîäëîæå÷íûõ ñòðóêòóðàõ SiC, GaAs

ñòðóêòóðå ñ p-n-ïåðåõîäîì, GaAs pHEMT-ãåòå-

ðîñòðóêòóðå, GaN ãåòåðîñòðóêòóðå ñ ìíîæå-

ñòâåííûìè Êß è ãåòåðîñòðóêòóðíîì ñîëíå÷íîì

ýëåìåíòå íà îñíîâå êðåìíèÿ. Àëãîðèòì ïðåöèçè-

îííîãî îïðåäåëåíèÿ ïàðàìåòðîâ ïîëóïðîâîäíè-

êîâûõ ìàòåðèàëîâ îòðàáîòàí íà ïëàñòèíå GaAs ñ

èçâåñòíîé êîíöåíòðàöèåé. Ïîëó÷åííûå ðåçóëü-

òàòû ïîëíîñòüþ ñîâïàëè ñî ñïåöèôèöèðîâàííûì

çíà÷åíèåì êîíöåíòðàöèè ïðèìåñè.

Ñ ïîìîùüþ ìîäèôèöèðîâàííîé ñòàíäàðòíîé

óñòàíîâêè ECVPro ðåàëèçîâàíû àëãîðèòìû èç-

ìåðåíèÿ íåñòàöèîíàðíûõ ÂÔÕ, à òàêæå ìåòîäè-

êà èçìåðåíèÿ êîíöåíòðàöèè â äèàïàçîíå ÷àñòîò.

Ýòî ñíèìàåò ðÿä îãðàíè÷åíèé ECV-ìåòîäà, äàâàÿ

âîçìîæíîñòü ïðîâîäèòü äèàãíîñòèêó øèðîêîãî

êëàññà ïîëóïðîâîäíèêîâûõ ïðèáîðîâ, ñðåäè êîòî-

ðûõ ñâåòîäèîäíûå è ëàçåðíûå ñòðóêòóðû [11], áè-

ïîëÿðíûå òðàíçèñòîðíûå è HEMT-ñòðóêòóðû [27],

ôîòîííî- è ýëåêòðîííî-÷óâñòâèòåëüíûå ÏÇÑ

ñòðóêòóðû ñ èìïëàíòàöèîííûì ïðîôèëåì [28],

ãåòåðîñòðóêòóðíûå ñîëíå÷íûå ýëåìåíòû [12].

Áëàãîäàðíîñòè

Àâòîðû âûðàæàþò áëàãîäàðíîñòü À. Â. Ñî-

ëîìíèêîâîé (ÑÏáÃÝÒÓ «ËÝÒÈ») çà ïîìîùü â
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à á

Ðèñ. 11. Ðàñïðåäåëåíèå êîíöåíòðàöèè ýëåêòðîíîâ n ïî ãëóáèíå x îáðàçöîâ pHEMT-ãåòåðîñòðóêòóðû (à) è ãåòåðîñòðóêòó-

ðû ñ ìíîæåñòâåííûìè Êß InGaN/GaN (á)

Fig. 11. Distribution of electron concentration n in depth x of pHEMT heterostructure (a) and InGaN/GaN heterostructure

with multiple quantum wells (b)

Ðèñ. 12. Ðàñïðåäåëåíèÿ êîíöåíòðàöèé ýëåêòðîíîâ n è äûðîê p ïî ãëóáèíå x ñîëíå÷íîãî ýëåìåíòà íà îñíîâå á-Si/Si

HJT-ãåòåðîñòðóêòóðû

Fig. 12. Concentration distribution of electrons n and holes p in depth x of HJT solar cell heterostructure



ïðîâåäåíèè ÀÑÌ-èçìåðåíèé, à òàêæå çà öåííûå

êîíñóëüòàöèè ïðè íàïèñàíèè ñòàòüè.
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