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НАНОСÒРÓÊÒÓРИРОВАННЫЕ 
АНÒИÄИФФÓЗИОННЫЕ СЛОИ В ÊОНÒАÊÒАХ  
Ê ШИРОÊОЗОННЫМ ПОЛÓПРОВОÄНИÊАМ

Сîздàíèå êàчåñòâåííыõ îмèчåñêèõ è бàðьåð-
íыõ êîíòàêòîâ ê шèðîêîзîííым ïîëóïðîâîдíè-
êàм ÿâëÿåòñÿ îдíîé èз âàжíыõ зàдàч ïðè ïðîåê-
òèðîâàíèè è ñîздàíèè ýëåмåíòîâ ýêñòðåмàëьíîé 
ýëåêòðîíèêè. Пðè óâåëèчåíèè дèàïàзîíà ðàбî-
чåé òåмïåðàòóðы ïðèбîðà, ïëîòíîñòè òîêîâ óжå-
ñòîчàюòñÿ òðåбîâàíèÿ ê íàдåжíîñòè êîíòàêòîâ. 
Êàê ïðàâèëî, îбåñïåчèòь íèзêîå óдåëьíîå ñî-
ïðîòèâëåíèå îмèчåñêîãî êîíòàêòà ïðè âыñîêèõ 
òåðмîñòàбèëьíîñòè è àдãåзèîííîé ïðîчíîñòè, èñ-
ïîëьзóÿ âñåãî îдèí мåòàëë, íå óдàåòñÿ. Вмåñòî 
ýòîãî èñïîëьзóюò мíîãîñëîéíóю ñòðóêòóðó, êàж-
дыé èз ñëîåâ êîòîðîé íåñåò ñâîю фóíêцèîíàëь-
íóю íàãðóзêó. В зàâèñèмîñòè îò íàзíàчåíèÿ êîí-
òàêòà è òðåбîâàíèé ê åãî ïàðàмåòðàм îí мîжåò 
ñîдåðжàòь îдèí èëè íåñêîëьêî фóíêцèîíàëь-
íыõ ñëîåâ: ïîдëåãèðóющèé, êîíòàêòîîбðàзóю-
щèé, àдãåзèîííыé, àíòèдèффóзèîííыé è ñëîé 
âíåшíåé мåòàëëèзàцèè. Аíòèдèффóзèîííыé 
ñëîé (дèффóзèîííыé бàðьåð) ïðåдóïðåждàåò 
âзàèмíóю дèффóзèю мàòåðèàëîâ ïîëóïðîâî-
дíèêà, êîíòàêòîîбðàзóющåãî ñëîÿ è âíåшíåé 
мåòàëëèзàцèè.

Рàññмîòðèм ñïîñîбы ñîздàíèÿ àíòèдèффóзè-
îííыõ ñëîåâ è èõ ðîëь â фîðмèðîâàíèè è фóíê-
цèîíèðîâàíèè êîíòàêòà. 

Оñíîâíыå òðåбîâàíèÿ, ïðåдьÿâëÿåмыå ê àíòè-
дèффóзèîííым ñëîÿм, дîâîëьíî ïðîòèâîðåчèâы: 
ñ îдíîé ñòîðîíы, íóжíî мèíèмèзèðîâàòь дèффó-
зèю ñêâîзь ñëîé мåòàëëèзàцèè è îбåñïåчèòь õè-
мèчåñêóю èíåðòíîñòь ñëîÿ, ñ дðóãîé — îбåñïå-
чèòь õîðîшóю àдãåзèю; ñ îдíîé ñòîðîíы, íóжíà 
âыñîêàÿ ïðîчíîñòь мàòåðèàëà, ñ дðóãîé — ïëà-
ñòèчíîñòь дëÿ êîмïåíñàцèè êðèòèчåñêèõ âíó-
òðåííèõ мåõàíèчåñêèõ íàïðÿжåíèé бåз îбðàзî-
âàíèÿ мèêðîòðåщèí. Êðîмå òîãî, мàòåðèàë àí-

Исследоваíа связь между аíòидиффузиоííыми свойсòвами плеíок íа осíове TiB2 и их íаíокри-
сòаллической сòрукòурой, определеíы опòимальíые размеры íаíокрисòаллиòов и условия образо-
ваíия íаíокрисòаллической плеíки. Примеíеíие òаких плеíок в качесòве аíòидиффузиоííых сло-
ев в коíòакòах к широкозоííым полупроводíикам позволяеò повысиòь òермосòойкосòь приборов 
íа их осíове.

Клþчевые слова: аíòидиффузиоííый слой, íаíокрисòаллическая плеíка, òермическая сòабиль-
íосòь, широкозоííый полупроводíик, коíòакò.

òèдèффóзèîííîãî ñëîÿ дîëжåí îбëàдàòь âыñî-
êîé ýëåêòðî- è òåïëîïðîâîдíîñòью.

В êàчåñòâå мàòåðèàëîâ àíòèдèффóзèîííыõ 
ñëîåâ чàщå âñåãî èñïîëьзóюò òóãîïëàâêèå ïî-
ëèêðèñòàëëèчåñêèå ñëîè мåòàëëîâ è ñïëàâîâ, à 
òàêжå èõ íèòðèды è бîðèды [1—6]. В íàñòîÿ-
щåé ðàбîòå бóдóò ðàññмîòðåíы îñîбåííîñòè êîí-
òàêòíîé мåòàëëèзàцèè ñ àíòèдèффóзèîííымè 
ñëîÿмè íà îñíîâå дèбîðèдà òèòàíà, èñïîëьзóå-
мîé ïðè èзãîòîâëåíèè îмèчåñêèõ è бàðьåðíыõ 
êîíòàêòîâ ê шèðîêîзîííым ïîëóïðîâîдíèêàм. 
Рàíåå â íàшèõ ðàбîòàõ [5, 6] быëè ðàññмîòðå-
íы êîíòàêòы ñ àíòèдèффóзèîííымè ñëîÿмè íà 
îñíîâå êâàзèàмîðфíыõ бîðèдîâ òóãîïëàâêèõ мå-
òàëëîâ è ïîêàзàíà èõ ïåðñïåêòèâíîñòь дëÿ ïî-
âышåíèÿ íàдåжíîñòè àêòèâíыõ мèêðîâîëíîâыõ 
ýëåмåíòîâ íà îñíîâå Si, SiC è íåêîòîðыõ ñîåдè-
íåíèé А3В5. Одíàêî â ýòèõ ðàбîòàõ íå ðàññмà-
òðèâàëàñь ñâÿзь мåждó ïîâышåíèåм ïðîчíîñòè è 
ïëàñòèчíîñòè ïëåíîê ïðè дîñòèжåíèè íàíîêðè-
ñòàëëèчåñêîãî ñîñòîÿíèÿ è èõ àíòèдèффóзèîí-
íымè ñâîéñòâàмè. В дàííîé ðàбîòå ïðåдïðèíÿ-
òà ïîïыòêà âîñïîëíèòь ýòîò ïðîбåë. 

Êàê ïîêàзàíî â ðàбîòàõ, ïðîâåдåííыõ íà 
бîëьшîм êîëèчåñòâå ïëåíîê [7, 8], ïðè óмåíь-
шåíèè дèàмåòðà d зåðíà ïîëèêðèñòàëëèчåñêîé 
ïëåíêè дî îïðåдåëåííîãî ïðåдåëà (â îбщåм ñëó-
чàå ïðèмåðíî дî 10 íм, дëÿ íåêîòîðыõ íèòðèдîâ 
è бîðèдîâ, â ò. ч. è TiB2, — дî 4—5 íм) ïðîèñ-
õîдèò óâåëèчåíèå ýíåðãèè îбðàзîâàíèÿ дèñëî-
êàцèé, чòî ïðèâîдèò ê зíàчèòåëьíîмó óâåëèчå-
íèю мèêðîòâåðдîñòè мàòåðèàëà Н ïî мåõàíèз-
мó Хîëëà—Пèòчà (Н~d–1/2) (рис. 1) [8—16]. 
Пî дîñòèжåíèè óïîмÿíóòîãî ïðåдåëà дèàмåòðà 
d ïðîèñõîдèò ñмåíà дîмèíèðóющåãî мåõàíèз-
мà, îïðåдåëÿющåãî мèêðîòâåðдîñòь, à èмåííî: 
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мèêðîòâåðдîñòь íàчèíàåò îïðåдåëÿòьñÿ âêëà-
дîм òðîéíыõ ñòыêîâ ãðàíèц è óмåíьшàåòñÿ ñ 
дàëьíåéшèм óмåíьшåíèåм ðàзмåðîâ êðèñòàëëè-
òîâ. Äðóãèå ðàбîòы óêàзыâàюò íà îдíîâðåмåí-
íîå óâåëèчåíèå ïëàñòèчíîñòè (îòíîñèòåëьíîãî 
óдëèíåíèÿ дî ðàзðóшåíèÿ) σ ïîëóчåííыõ мàòå-
ðèàëîâ â òîм жå дèàïàзîíå ðàзмåðîâ зåðíà [17, 
18] (σ~d–1/2). Оñîбåííîñòью бîðèдîâ è íèòðè-
дîâ òóãîïëàâêèõ мåòàëëîâ, ïî ñðàâíåíèю ñ чè-
ñòымè мåòàëëàмè, ÿâëÿåòñÿ зàïîëíåíèå мåжзå-
ðåííîãî ïðîñòðàíñòâà àмîðфíым âåщåñòâîм, ïðå-
ïÿòñòâóющèм мåжзåðåííîмó ïðîñêàëьзыâàíèю 
ïðè мåõàíèчåñêèõ íàãðóзêàõ, чòî, ïî-âèдèмîмó, 
ÿâëÿåòñÿ ïðèчèíîé ïðîдëåíèÿ дåéñòâèÿ мåõàíèз-
мà Хîëëà—Пèòчà дî мåíьшèõ ðàзмåðîâ зåðíà. 
Иíымè ñëîâàмè, èñïîëьзîâàíèå íàíîñòðóêòóðè-
ðîâàííîé ïëåíêè TiB2 ïîзâîëèò ïîëóчèòь óíè-
êàëьíыå фèзèêî-мåõàíèчåñêèå ñâîéñòâà àíòè-
дèффóзèîííыõ ñëîåâ, íåдîñòèжèмыå ïðè дðó-
ãèõ ñîñòîÿíèÿõ òîãî жå мàòåðèàëà. 

Цåëью дàííîé ðàбîòы ÿâëÿåòñÿ èññëåдîâà-
íèå êîíòàêòîâ ê шèðîêîзîííым ïîëóïðîâîдíè-
êàм (SiC, GaP, InP) ñ дèффóзèîííымè бàðьå-
ðàмè íà îñíîâå íàíîñòðóêòóðèðîâàííыõ ñëîåâ 
дèбîðèдà òèòàíà è îïðåдåëåíèå ñâÿзè мåждó èõ 
дèффóзèîííымè ñâîéñòâàмè è ðàзмåðàмè íàíî-
êðèñòàëëèòîâ.

Ìетодика эксперимента
Обðàзцы дëÿ èññëåдîâàíèé ïðåдñòàâëÿëè ñî-

бîé ñïëîшíыå ïëåíêè è êîíòàêòíыå ñòðóêòóðы, 
èзãîòîâëåííыå è ïðîшåдшèå òåðмîîбðàбîòêó ïî 
îдèíàêîâîé мåòîдèêå. Иññëåдîâàíèÿ ïðîфèëåé 
àòîмíîãî ñîñòàâà ïî ãëóбèíå êîíòàêòíîé мåòàë-
ëèзàцèè ïðîâåдåíы мåòîдîм Ожå-ýëåêòðîííîé 
ñïåêòðîмåòðèè, фàзîâîãî ñîñòàâà — мåòîдîм 
ðåíòãåíîâñêîé дèфðàêцèè, мîðфîëîãèè ïîâåðõ-
íîñòè — мåòîдàмè àòîмíî-ñèëîâîé мèêðîñêîïèè 
(АÑÌ) è ðàñòðîâîé ýëåêòðîííîé мèêðîñêîïèè. 

Óдåëьíîå êîíòàêòíîå ñîïðîòèâëåíèå èññëåдîâà-
íî мåòîдîм ëèíèè ïåðåíîñà (transmission-line 
method). Сòðóêòóðà, ñîñòàâ íàíåñåííыõ êîíòàê-
òîâ, õàðàêòåðíыé ðàзмåð êðèñòàëëèòîâ d è ïà-
ðàмåòðы быñòðîé òåðмèчåñêîé îбðàбîòêè (БÒÎ) 
ïðåдñòàâëåíы â таблице.

Äëÿ ïîëóчåíèÿ íàíîñòðóêòóðèðîâàííîé ïëåí-
êè дèбîðèдà òèòàíà быëà îòðàбîòàíà òåõíîëîãèÿ 
мàãíåòðîííîãî íàïыëåíèÿ íà ïîëóïðîâîдíèêî-
âóю ïîдëîжêó. Пðîèзâîдèëè íàïыëåíèå ïëåíîê 
îдèíàêîâîé òîëщèíы ïðè ðàзíîм òîêå ðàñïыëå-
íèÿ (ñêîðîñòè íàïыëåíèÿ). Нà ýëåêòðîíîãðàммàõ 
ïëåíîê, íàíåñåííыõ ïðè òîêå 0,2 А (рис. 2, а), 
âèдíы ñèëьíî ðàзмыòыå ðåфëåêñы îòðàжåíèÿ îò 
ïëîñêîñòè (101), èмåющèå 100%-íóю èíòåíñèâ-
íîñòь â ðåшåòêå. Сòðóêòóðà ïëåíêè êâàзèàмîðф-
íà, ðàзмåðы óïîðÿдîчåííыõ óчàñòêîâ — дî 3 íм. 

Пîâышåíèå òîêà ðàзðÿдà дî 0,4 А (ñм. ðèñ. 2, б) 
ïðèâîдèò ê óêðóïíåíèю íàíîêðèñòàëëèòîâ (ðàз-
мåð óïîðÿдîчåííыõ óчàñòêîâ îêîëî 3—5 íм). 
Сфîðмèðîâàííàÿ ïëåíêà õàðàêòåðèзóåòñÿ íà-
ëèчèåм ïëîòíîé âыñîêîдèñïåðñíîé ñòðóêòóðы, 
ñãëàжèâàющåé шåðîõîâàòîñòь ïîâåðõíîñòè ïîд-
ëîжêè. Пðè óâåëèчåíèè òîêà ðàзðÿдà дî 1 А (ñм. 
ðèñ. 2, в) ñòðóêòóðà ñëîÿ ñòàíîâèòñÿ бîëåå êðè-
ñòàëëèчåñêîé, õîòÿ îñòàåòñÿ ñèëьíîдèñïåðñíîé 
(ðàзмåðы êðèñòàëëèчåñêèõ îбëàñòåé â àмîðфíîé 
фàзå ïðåâышàюò 5 íм). Эëåêòðîíîãðàммà фèê-
ñèðóåò ðåфëåêñы óжå îò íåñêîëьêèõ ïëîñêîñòåé 

Рèñ. 1. Зàâèñèмîñòь мèêðîòâåðдîñòè ñëîÿ TiB2 îò 
ðàзмåðà зåðíà (ïî дàííым èз èñòîчíèêîâ, óêàзàí-

íыõ íà ðèñóíêå)

H, ГПà
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[9]

[10] [14]

[8]
[10]

H∼d–1/2

[15]
[14]

[16]

[11]

[13]

[12]

Рèñ. 2. Эëåêòðî íî ãðàм мы ïëåíîê TiBx, ïîëóчåííыõ 
ïðè ðàзëèчíыõ зíàчåíèÿõ òîêà ðàñïыëåíèÿ [19]:

а — 0,2 А; б — 0,4 А; в — 1 А

à)

â)

б)
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(101), (110), (111), îдíàêî ðàзмыòîñòь ëèíèé íå 
ïîзâîëÿåò ñдåëàòь òîчíыé ðàñчåò ðàзмåðîâ êðè-
ñòàëëèчåñêèõ îбëàñòåé. Òàêèм îбðàзîм, дëÿ ïî-
ëóчåíèÿ îïòèмàëьíîãî àíòèдèффóзèîííîãî ñëîÿ 
òîê ðàзðÿдà дîëжåí ñîñòàâëÿòь 0,4 A.

Êонтакты к 6Í-SiC.  
Òермическая стойкость

Нàãëÿдíî ïðîдåмîíñòðèðîâàòь âîзмîжíîñòè 
íàíîêðèñòàëëèчåñêèõ ïëåíîê мîжíî íà ïðèмåðå 
êîíòàêòà TiBx–n-SiC 6H. 

Пðè èññëåдîâàíèÿõ мîðфîëîãèè ïîâåðõíîñòè, 
êîíåчíî жå, íåëьзÿ îïðåдåëèòь òîчíыé ðàзмåð 
óïîðÿдîчåííыõ îбëàñòåé, îдíàêî åñëè ïðåдïî-

ëîжèòь, чòî íåðîâíîñòè íà ïîâåðõíîñòè ïëåíêè 
TiBx ñâÿзàíы ñ âыõîдîм íà ïîâåðõíîñòь íàíî-
êðèñòàëëèòîâ, мîжíî дëÿ îцåíêè ïëîòíîñòè ðàз-
мåщåíèÿ êðèñòàëëèòîâ â àмîðфíîé мàòðèцå è 
ïðîâåдåíèÿ îцåíêè èõ ðàзмåðîâ ñâåðõó èñïîëь-
зîâàòь òàêèå ïàðàмåòðы, êàê íàèбîëåå âåðîÿò-
íàÿ âыñîòà íåðîâíîñòåé è ðàññòîÿíèå мåждó ïè-
êàмè, êàê ýòî ñдåëàíî â [20]. Òîãдà èз àíàëèзà 
ïðèâåдåííыõ íà рис. 3 а, б АСМ-èзîбðà жåíèé 
мîжíî ñдåëàòь âыâîд, чòî ðàзмåðы íåðîâíîñòåé 
ïîâåðõíîñòè ïëåíêè TiBx дî è ïîñëå БÒО зíà-
чèòåëьíî íå èзмåíèëèñь, à ðàзмåðы êðèñòàëëè-
òîâ íå ïðåâышàюò 5—10 íм. 

Сòрукòура и сосòав исследоваííых коíòакòов, а òакже парамеòры проведеíия БТО

Êîíòàêòíàÿ ñòðóêòóðà Òîëщèíà
ñëîåâ, íм

Рàзмåð зåðíà
d, íм

Òåмïåðàòóðà 
îòжèãà Тî, °С

Вðåмÿ îò-
жèãà, ñ

СО
***,

àò. %

TiBx–n-SiC 6H 50 3—5 (5—10*) 1000 90 4

Au–TiBx–n-SiC 6H 50/50 3—5 1000 60 6

Au–TiBx–n-SiC 6H** 50/50 30—50* 1000 60 íåò 
дàííыõ

TiBх–GaP 100 10—30* 800 60 8

Au–TiBх–Au–Ge–GaP 300/200/180/20 20—40* 600 60 14

TiBх–Ge–Au–InP 100/50/50 20—40* 490 60 17

*Оцåíêà ðàзмåðà ñâåðõó ïî дàííым АСМ; **Пàðàмåòðы ðàñïыëåíèÿ íå îïòèмàëьíы;
***Сîдåðжàíèå êèñëîðîдà â мèшåíè TiBх

Рèñ. 3. Мîðфîëîãèÿ ïîâåðõíîñòè â êîíòàêòå TiBx–n-SiC 6H (а, б) è ïðîфèëè àòîмíîãî ñîñòàâà ïî ãëóбèíå 
êîíòàêòíîé мåòàëëèзàцèè (в, г) дî îòжèãà (а, в) и после БТО при 1000°С (б, г) [21]
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Рèñ. 4. Пðîфèëè àòîмíîãî ñîñòàâà ïî ãëóбèíå êîí-
тактной металлизации в контакте Au–TiBx–n-SiC 6H 

дî îòжèãà (а) и после БТО при 1000°С (б) [22]
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Рèñ. 5. Мîðфîëîãèÿ ïîâåðõíîñòè ñòðóêòóðы  
Au–TiBx–n-SiC 6H ñ ïîëèêðèñòàëëèчåñêèм ñëîåм TiBx 

после БТО при 1000 °С

0,5

1,5
мêм

1,0

300 íм

Au

TiB2

Аíàëèз ïðîфèëåé ðàñïðåдåëåíèÿ êîмïîíåí-
òîâ ïî ãëóбèíå îбðàзцà ïîêàзàë îòñóòñòâèå зíà-
чèòåëьíîé âзàèмîдèффóзèè êîмïîíåíòîâ àíòè-
дèффóзèîííîãî ñëîÿ è ïîëóïðîâîдíèêà êàê â 
TiBx–n-SiC 6H  (ðèñ. 3 в, г), òàê è â êîíòàêòå 
Au–TiBx–n-SiC 6H (рис. 4). Эòî ñâèдåòåëьñòâó-
åò îб îñëàбëåíèè дèффóзèè ïî ãðàíèцàм зåðåí 
â íàíîêðèñòàëëèчåñêîé ïëåíêå TiBx, ñêîðåå âñå-
ãî èз-зà íàëèчèÿ àмîðфíîé фàзы â мåжзåðåí-
íîм ïðîñòðàíñòâå. Пàðàмåòðы íèзêîбàðьåðíыõ 
дèîдîâ Шîòòêè íà îñíîâå òàêèõ êîíòàêòîâ [23] 
не изменились после БТО при 1000°С в течение  
90 ñ. Выñîòà бàðьåðà дî è ïîñëå БÒО ñîñòàâëÿëà  
0,7 ýВ, фàêòîð èдåàëьíîñòè — 1,5. Рàбîчèé òåм-
пературный диапазон такого диода — от –190 
до 425°С [24]. 

В òî жå âðåмÿ ïëåíêà ñ бîëåå êðóïíымè êðè-
ñòàëëèòàмè ïðè òåõ жå óñëîâèÿõ îòжèãà íå âы-
дåðжèâàåò âíóòðåííèõ мåõàíèчåñêèõ íàïðÿжå-
íèé, âîзíèêàющèõ âî âðåмÿ БÒО, è ðåëàêñè-
ðóåò ñ îбðàзîâàíèåм мèêðîòðåщèí. Нà рис. 5, 
ãдå ïîêàзàíà мîðфîëîãèÿ ïîâåðõíîñòè ñòðóêòó-
ры Au–TiBx–n-SiC 6H после БТО при 1000°С, в 
ãëóбèíå мèêðîòðåщèíы âèдåí êðóïíîêðèñòàëëè-
чåñêèé àíòèдèффóзèîííыé ñëîé, ðàзмåð зåðíà 
ïðàêòèчåñêè ñîîòâåòñòâóåò òîëщèíå ñëîÿ ÒіВ2. 

Êонтакты к GaP. Âлияние кислорода на 
размер зерна

Пðè фîðмèðîâàíèè êîíòàêòîâ ê фîñфèдó ãàë-
ëèÿ ïàðàмåòðы íàïыëåíèÿ быëè òåмè жå, îдíà-
êî êîëèчåñòâî êèñëîðîдà â мèшåíè дèбîðèдà òè-
òàíà быëî бîëьшå.

Нà рис. 6, ãдå ïðåдñòàâëåíы АСМ-èзîб ðà-
жåíèÿ ïîâåðõíîñòè êîíòàêòîâ TiBх–GaP, видно, 
чòî ïëîòíîñòь ðàñïðåдåëåíèÿ ïèêîâ зíàчèòåëь-
íî мåíьшå, чåм íà êîíòàêòàõ ê êàðбèдó êðåм-
íèÿ. Пðè ýòîм ðàзбðîñ зíàчåíèé âыñîòы íåðîâ-
íîñòåé â дâà ðàзà мåíьшå, чòî мîжåò óêàзыâàòь 
íà бîëьшèé ðàзмåð íàíîêðèñòàëëèòà (дî 30 íм) 
è, îдíîâðåмåííî, íà бîëьшèé îбъåм àмîðфíîé 
фàзы â èññëåдóåмîé ïëåíêå TiBх. 

Нà ýòî жå óêàзыâàюò è ðåзóëьòàòы фàзîâîãî 
àíàëèзà бàðьåðíîãî êîíòàêòà TiBх–GaP. На рент-
ãåíîдèфðàêòîãðàммàõ (рис. 7) быëè îбíàðóжåíы 
ðåфëåêñы, ñâÿзàííыå ñ âêëючåíèÿмè ïîëèêðè-
ñòàëëèчåñêîé ãåêñàãîíàëьíîé фàзы TiB2. Выñîòà 
пиков не изменяется до температуры БТО 800°С. 
Эòî ñâèдåòåëьñòâóåò îб îòñóòñòâèè мåжфàзíыõ ðå-
àêцèé, ïî êðàéíåé мåðå, ñ íàíîêðèñòàëëèчåñêîé 
фàзîé TiB2. Пðèчèíîé îòêëîíåíèÿ ðàзмåðîâ êðè-
ñòàëëèòîâ èññëåдóåмîé ïëåíêè îò ðàñчåòíыõ зíà-
чåíèé мîжåò быòь íàëèчèå â ðàñïыëÿåмîé мèшå-
íè TiBх дîâîëьíî бîëьшîãî êîëèчåñòâà êèñëîðî-
дà (рис. 8), ñòèмóëèðóющåãî îбðàзîâàíèå бîëåå 
êðóïíыõ êðèñòàëëèòîâ (ñм. òàбëèцó). Òåм íå мå-
íåå, íàëèчèå дî 10 àò. % êèñëîðîдà ïðàêòèчåñêè 
íå âëèÿåò íà ýëåêòðîфèзèчåñêèå õàðàêòåðèñòè-
êè êîíòàêòîâ ñ èññëåдóåмымè àíòèдèффóзèîí-
íымè ñëîÿмè. 
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Рèñ. 6. Мîðфîëîãèÿ ïîâåðõíîñòè ñòðóêòóðы TiBх—GaP дî îòжèãà (а) 
è ïîñëå БÒО ïðè ðàзíîé òåмïåðàòóðå (б, в, г) [4]
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Рèñ. 7. Рåíòãåíî дè фðàê òî  ãðàммы бàðьåðíîãî êîí òàêòà TiBх—GaP дî îòжèãà (1) è ïîñëå БÒО ïðè ðàзíîé 
òåмïåðàòóðå (2—4) [21] ( TiB,  TiB2,  TiО2)
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Рèñ. 8. Пðîфèëè àòîмíîãî ñîñòàâà ïî ãëóбèíå êîíòàêòíîé мåòàëëèзàцèè â êîíòàêòå TiBх—GaP дî îòжèãà (а) 
è ïîñëå БÒО ïðè ðàзíîé òåмïåðàòóðå (б, в, г) [4]
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Рèñ. 9. Мîðфîëîãèÿ ñêîëà êîíòàêòà 
Au–TiBх–Au–Ge–GaP

GaP

AuGe

Au

TiBx

Мèêðîðåëьåф ñêîëà îдíîãî èз òàêèõ îбðàзцîâ 
ïðåдñòàâëåí íà рис. 9.

Êàê îêàзàëîñь, â àíòèдèффóзèîííыõ ïëåí-
ках контактов Au–TiBх–Au–Ge–GaP количество 
êèñëîðîдà быëî åщå âышå, ñîîòâåòñòâåííî, ïî-
íèзèëàñь мàêñèмàëьíàÿ òåмïåðàòóðà БÒО, êî-

Êðîмå бàðьåðíыõ, быëè èññëåдîâàíы îмè-
ческие контакты Au–TiBх–Au–Ge–GaP, в кото-
ðыõ â êàчåñòâå êîíòàêòîîбðàзóющåãî ñëîÿ ïðè-
мåíÿåòñÿ AuGe-мåòàëëèзàцèÿ, шèðîêî èñïîëь-
зóåмàÿ дëÿ îмèчåñêèõ êîíòàêòîâ ê íåêîòîðым 
ïîëóïðîâîдíèêîâым ñîåдèíåíèÿм А3В5 [4, 6]. 
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òîðóю âыдåðжèâàåò îбðàзåц. Нà рис. 10, ãдå 
èзîбðàжåíы ïðîфèëè ðàñïðåдåëåíèÿ êîмïîíåí-
òîâ ïî ãëóбèíå òàêèõ êîíòàêòîâ, âèдíî, чòî ñî-
дåðжàíèå êèñëîðîдà â ïëåíêå TiBх мîжíî îцå-
íèòь â 15—20 àò. %. Рàзмåð íàíîêðèñòàëëèòîâ 
â èññëåдóåмîé ïëåíêå ñîñòàâëÿåò 20—40 íм. 
Мèíèмàëьíîå êîíòàêòíîå ñîïðîòèâëåíèå íàбëю-
далось в образце, прошедшем БТО при 600°С, 
и составляло (1—5)∙10–5 Ом∙см2 ïðè êîíцåí-
òðàцèè ëåãèðóющåé ïðèмåñè â n-GaP ïðèмåð-
íî 1017 ñм–3 [25]. 

 Êонтакты к InP. Ýффект Êиркендалла
Пðè îòжèãå êîíòàêòà TiBх–Ge–Au–InP воз-

íèêàåò ýффåêò Êèðêåíдàëëà: ïîд дèффóзèîí-
íым бàðьåðîм îбðàзóюòñÿ ïîðы (рис. 11) èз-зà  
èíòåíñèâíîé дèффóзèè зîëîòà âãëóбь фîñфèдà 
èíдèÿ (рис. 12). Êàê âèдíî èз ïðèâåдåííыõ íà 
рис. 13 дàííыõ ðåíòãåíîãðàфèчåñêèõ èññëåдîâà-
íèé òàêîãî êîíòàêòà ñ íàíåñåííым íà íåãî ñëîåм 
золота, при температуре отжига 400°С образу-
åòñÿ фàзà AuIn2, ïðåèмóщåñòâåííî îðèåíòàцèè 
(220). Мåõàíèзм òàêîé èíòåíñèâíîé дèффóзèè, 
îчåâèдíî, мîжåò зàêëючàòьñÿ â мåжфàзíîм âзà-
èмîдåéñòâèè зîëîòà ñ èíдèåм, âñëåдñòâèå чåãî 
íàбëюдàåòñÿ мàññîïåðåíîñ èíдèÿ ñ ãðàíèцы ðàз-
дåëà âãëóбь мåòàëëà. Пðè ýòîм îбðàзóюòñÿ âà-
êàíñèè èíдèÿ, зàïîëíÿåмыå àòîмàмè ãåðмàíèÿ ñ 
мåíьшèм àòîмíым ðàдèóñîм, чòî îбëåãчàåò дàëь-

Рèñ. 10. Пðîфèëè àòîмíîãî ñîñòàâà ïî ãëó-
бèíå êîíòàêòíîé мåòàëëèзàцèè â êîíòàê-
те Au–TiBх–Au–Ge–GaP до отжига (а) 
è ïîñëå БÒО (в, г)  ïðè ðàзíîé òåмïåðà-

òóðå [25]
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íåéшóю дèффóзèю àòîмîâ èíдèÿ íàðóжó è ãåð-
мàíèÿ ñ зîëîòîм âíóòðь фîñфèдà èíдèÿ. 

Пðè òàêèõ èíòåíñèâíыõ ïðîцåññàõ фàзîîбðà-
зîâàíèÿ îñîбåííî âàжíî êàчåñòâî дèффóзèîííî-
ãî бàðьåðà, ïðåïÿòñòâóющåãî ðàñïðîñòðàíåíèю 
ïîðèñòîñòè íà ïîâåðõíîñòь è ïðèíèмàющåãî íà 
ñåбÿ дîïîëíèòåëьíыå мåõàíèчåñêèå íàãðóзêè, êî-
òîðыå мîãóò âîзíèêàòь ïðè ðàзîãðåâå ïîëóïðî-
âîдíèêîâîé ñòðóêòóðы. Нàíîêðèñòàëëèчåñêèé 

Рèñ. 11. Мîðфîëîãèÿ ñêîëà è ïîâåðõíîñòè êîíòàêòà 
TiBх–Ge–Au–InP после БТО при 490°С

InP

AuGeTiB2
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Рис. 13. Рентгенодифрактограммы системы Au–TiBх–Ge–Au–InP до отжига (1) и после БТО при разной 
òåмïåðàòóðå (2—4) [4]
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Рèñ. 12. Пðîфèëè àòîмíîãî ñîñòàâà ïî ãëóбèíå êîíòàêòíîé мåòàëëèзàцèè â êîíòàêòå TiBх–Ge–Au–InP 
дî îòжèãà (а) è ïîñëå БÒО ïðè ðàзíîé òåмïåðàòóðå (б, в, г) [5]
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дèбîðèд òèòàíà îбðàзóåò ïëîòíóю ïëåíêó бåз 
зàмåòíыõ дåфåêòîâ (ñм. ðèñ. 11). Сîдåðжàíèå 
êèñëîðîдà â àíòèдèффóзèîííîм ñëîå ñîñòàâ-
ëÿåò îêîëî 20 àò. %. Оцåíêà ðàзмåðîâ íàíî-
êðèñòàëëèòîâ ïî мîðфîëîãèè ïîâåðõíîñòè дàåò 
зíàчåíèÿ 20—40 íм. Аíòèдèффóзèîííыé ñëîé 
îñòàåòñÿ ñòàбèëьíым ïî êðàéíåé мåðå дî òåмïå-
ратуры БТО 490°С. Контактное сопротивление 
êîíòàêòîâ Au—TiBx—Ge—Au—InP ñîñòàâëÿåò 
1,7∙10–5 Ом∙см2.

Одíîé èз ïðèчèí ïîâышåíèÿ дèффóзèîííîé 
ñòîéêîñòè íàíîêðèñòàëëèчåñêèõ ïëåíîê мîжåò 
быòь òî, чòî ñòðóêòóðà íàíîêðèñòàëëèчåñêîé 
ïëåíêè íå êîëîíчàòàÿ (ñм. ðèñ. 9), âñëåдñòâèå 
чåãî дèффóзèÿ ïî ãðàíèцàм зåðåí â íàíîêðèñòàë-
ëèчåñêîé ïëåíêå зàòðóдíåíà èз-зà íàмíîãî бîëь-
шåãî ýффåêòèâíîãî дèффóзèîííîãî ïóòè (ïî 
àíàëîãèè ñ [26]). С дðóãîé ñòîðîíы, êàê âèдíî 
èз ðèñ. 8 è 10, дèффóзèÿ ñêâîзь ñëîé TiB2 ñòè-
мóëèðóåòñÿ ïðîцåññàмè фîðмèðîâàíèÿ îмèчå-
ñêîãî êîíòàêòà, âîзмîжíî, ïîñðåдñòâîм îбðàзî-
âàíèÿ âíóòðåííèõ мåõàíèчåñêèõ íàïðÿжåíèé è 
èõ ðåëàêñàцèè ñ îбðàзîâàíèåм ïðîòÿжåííыõ дå-
фåêòîâ, êîòîðыå ñòàíîâÿòñÿ ïðîâîд íèêàмè дèф-
фóзèè. Пîýòîмó íàíîêðèñòàëëèчåñêàÿ ïëåíêà, 
îбëàдàÿ ïîâышåííîé òâåðдîñòью è ïëàñòèчíî-
ñòью, îêàзыâàåòñÿ бîëåå дèффóзèîííî ñòîéêîé 
ïî ñðàâíåíèю ñ ïîëèêðèñòàëëèчåñêîé.

Âыводы
Пðîâåдåííыå èññëåдîâàíèÿ ïîêàзàëè, чòî дëÿ 

ïîëóчåíèÿ мàêñèмàëьíîé мåõàíèчåñêîé ïðîчíî-
ñòè è òåðмîñòîéêîñòè ðàзмåðы íàíîêðèñòàëëè-
òîâ â ïëåíêàõ, ñîздàющèõ дèффóзèîííыå бà-
ðьåðы, дîëжíы íàõîдèòñÿ â ïðåдåëàõ 3—15 íм. 
Пëåíêè дèбîðèдà òèòàíà ñ îïòèмàëьíымè ïàðà-
мåòðàмè íàíîêðèñòàëëèòîâ мîжíî ïîëóчèòь мå-
òîдîм мàãíåòðîííîãî íàïыëåíèÿ ñ òîêîм ðàзðÿ-
дà 0,4 А ïðè êîëèчåñòâå êèñëîðîдà â мèшåíè дî 
8 àò. %. Пðèмåíåíèå íàíîêðèñòàëëèчåñêèõ ïëå-
íîê íà îñíîâå дèбîðèдà òèòàíà â êàчåñòâå àí-
òèдèффóзèîííыõ ñëîåâ â îмèчåñêèõ è бàðьåð-
íыõ êîíòàêòàõ ê шèðîêîзîííым ïîëóïðîâîдíè-
êàм ïîзâîëÿåò ðàñшèðèòь ðàбîчèé òåмïåðàòóð-
íыé дèàïàзîí è ïîâыñèòь íàдåжíîñòь ïðèбîðîâ 
íà èõ îñíîâå. 
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НАНОСÒРÓÊÒÓРОВАНІ АНÒИÄИФÓЗІЙНІ ШАРИ Ó ÊОНÒАÊÒАХ  
ÄО ШИРОÊОЗОННИХ НАПІВПРОВІÄНИÊІВ
Досліджеíо зв'язок між аíòидифузійíими власòивосòями плівок TiB2 òа їх íаíокрисòалічíоþ сòрук-
òуроþ, визíачеíо опòимальíий розмір íаíокрисòаліòів òа умови уòвореííя íаíокрисòалічíої плівки. 
Засòосуваííя òаких плівок як аíòидифузійíих шарів в коíòакòах до широкозоííих íапівпровідíиків 
дозволяє підвищиòи òермосòійкісòь приладів íа їх осíові.

Клþчові слова: аíòидифузійíий шар, íаíокрисòалічíа плівка, òермічíа сòабільíісòь, широкозоííий 
íапівпровідíик, коíòакò.
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NANOSTRUCTURED ANTIDIFFUSION LAYERS IN CONTACTS  
TO WIDE-GAP SEMICONDUCTORS
The interrelation between the antidiffusion properties of titanium diboride films and their nanocrystalline 
structure is investigated. We made a valid assumption that the main reason for degradation of contacts with 
TiB2-based diffusion layers is diffusion through the TiB2 film through dislocations (formed due to stresses 
that appear in the course of ohmic contact formation) rather than chemical interaction. In that case, increase 
of mechanical strength of the TiB2 film at reduction of grain size will affect its diffusion strength more 
strongly than growth of diffusion penetrability owing to increase of grain boundary role. Our investigations 
showed that, to ensure maximal mechanical strength and heat stability, the size of nanocrystallites in films 
forming diffusion barriers has to lie within 3—15 nm. The TiB2 films with optimal nanocrystallite parameters 
can be obtained using magnetron sputtering with discharge current of 0,4 A and oxygen content in a target 
up to 8 at.%. Application of TiB2-based nanocrystal films as antidiffusion layers in contacts to wide-gap 
semiconductors makes it possible to raise heat stability of devices based on such semiconductors.

Keywords: antidiffusion layer, nanocrystal film, heat stability, wide-gap semiconductor, contact.
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Õàíñåí Ð. Ñ. Ôàçèðîâàííûå àíòåííûå ðåøåòêè.— Ìîñêâà: Òåõíîñôåðà, 
2012.

В êíèãå ïðèâåдåí âñåñòîðîííèé àíàëèз îñîбåííîñòåé ïðî-
åêòèðîâàíèÿ è èññëåдîâàíèÿ õàðàêòåðèñòèê фàзèðîâàííыõ 
àíòåííыõ ðåшå òîê è âõîдÿщèõ â íèõ ñèñòåм. Оñîбîå зíàчå-
íèå ïðèдàåòñÿ ðàñ ñмîòðåíèю àëãîðèòмîâ, ïðèãîдíыõ дëÿ èñ-
ïîëьзîâàíèÿ â ПÊ. Пðåдñòàâëåíà òàêжå îбшèðíàÿ èíфîðмàцèÿ 
î ðàзëèчíыõ òèïàõ àíòåííыõ óñòðîéñòâ ñ ýëåêòðîííым óïðàâ-
ëåíèåм ëóчîм è âõîдÿщèõ â íèõ фóíêцèîíàëьíыõ ñèñòåмàõ. 
Êíèãà ïðåдíàзíàчåíà дëÿ íàóчíыõ ðàбîòíèêîâ è èíжåíåðîâ, 
зàíèмàющèõñÿ èññëåдîâàíèÿмè è ðàзðàбîòêàмè фàзèðîâàííыõ àíòåííыõ ðåшåòîê, 
à òàêжå àñïèðàíòîâ è ñòóдåíòîâ ñòàðшèõ êóðñîâ, ñïåцèàëèзèðóющèõñÿ â îбëàñòè 
àíòåíí è óñòðîéñòâ СВЧ. 
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ÊОМПЛЕÊСНЫЙ ÊОЭФФИЦИЕНÒ РЕÄÓÊЦИИ  
ÄЛЯ ЦИЛИНÄРИЧЕСÊОГО ПОÒОÊА ЭЛЕÊÒРОНОВ  
С ИЗМЕНЯЮЩЕЙСЯ АМПЛИÒÓÄОЙ  
ПЕРЕМЕННОЙ СОСÒАВЛЯЮЩЕЙ ÒОÊА В ЛБВ

Лàмïы бåãóщåé âîëíы (ЛБВ) ñ зàмåдëÿ-
ющèмè ñèñòåмàмè íà ñïèðàëè èëè íà ñâÿзàí-
íыõ ðåзîíàòîðàõ ÿâëÿюòñÿ ýëåêòðîâàêóóмíы-
мè ïðèбîðàмè, óñèëèâàющèмè СВЧ-ñèãíàë â 
дèàïàзîíå îò 1 дî 100 ГГц. Пî êîмïëåêñó ñâî-
èõ ïàðàмåòðîâ è õàðàêòåðèñòèê ЛБВ íå èмååò 
ñåбå ðàâíыõ ñðåдè дðóãèõ ýëåêòðîâàêóóмíыõ 
СВЧ-ïðèбîðîâ — êëèñòðîíîâ è мàãíåòðîíîâ. 
Имåííî ñîчåòàíèå òàêèõ ïàðàмåòðîâ, êàê âыñî-
êîå óñèëåíèå СВЧ-ñèãíàëà (дî 60 дБ), âыñîêàÿ 
ñðåдíÿÿ мîщíîñòь (îò дåñÿòêîâ дî ñîòåí âàòò è 
дàжå êВò дëÿ ЛБВ íà ñâÿзàííыõ ðåзîíàòîðàõ) 
è îдíîâðåмåííî ñ ýòèм — шèðîчàéшàÿ ïîëîñà 
чàñòîò (дî îдíîé-дâóõ îêòàâ) è îбóñëàâëèâàåò 
шèðîêóю îбëàñòь ïðèмåíåíèÿ ЛБВ â êàчåñòâå 
âыõîдíыõ óñèëèòåëåé дëÿ ñïóòíèêîâ ñâÿзè, дëÿ 
ðàдèîëîêàцèîííыõ ñòàíцèé ãðàждàíñêîãî è âî-
åííîãî ïðîфèëÿ, à òàêжå â ýëåêòðîííыõ ñèñòå-
мàõ ðàдèîïðîòèâîдåéñòâèÿ.

Óñèëåíèå СВЧ-ñèãíàëà â ЛБВ ïðîèñõîдèò 
â ðåзóëьòàòå дëèòåëьíîãî âзàèмîдåéñòâèÿ ýëåê-
òðîííîãî ïîòîêà ñ ýëåêòðîмàãíèòíîé âîëíîé, 
ðàñïðîñòðàíÿющåéñÿ âдîëь зàмåдëÿющåé ñèñòå-
мы ïðèбîðà. Едèíñòâåííым íåдîñòàòêîм ЛБВ, 
êîòîðыé îбóñëîâëåí дëèòåëьíым õàðàêòåðîм òà-
êîãî âзàèмîдåéñòâèÿ, ÿâëÿåòñÿ ñðàâíèòåëьíî íå-
âыñîêèé ýëåêòðîííыé ÊПÄ, îбычíî íå ïðåâы-
шàющèé 15—20 % â ñïèðàëьíыõ ЛБВ. Сïîñîб 
îдíîâðåмåííîãî ïîâышåíèÿ êïд è óñòîéчèâîñòè 
ЛБВ ê ñàмîâîзбóждåíèю íà îбðàòíîé ãàðмîíè-
êå быë ïðåдëîжåí åщå â 1970 ã. [1]: â зàмåд-
ëÿющóю ñèñòåмó ЛБВ, íàчèíàÿ ïðèмåðíî ñ ñå-
ðåдèíы âыõîдíîé ñåêцèè ëàмïы, ââîдèòñÿ íå-
îдíîðîдíîñòь â âèдå ñêàчêîîбðàзíîãî óмåíьшå-
íèÿ шàãà зàмåдëÿющåé ñèñòåмы. Рàзâèòèю ýòî-
ãî íàïðàâëåíèÿ â 1970—80 ãã. быëî ïîñâÿщåíî 
бîëьшîå чèñëî ðàбîò — êàê òåîðåòèчåñêèõ, òàê 
è ýêñïåðèмåíòàëьíыõ. 

Получены формулы для расчета вещественной и мнимой частей комплексного коэффициента редук-
ции для цилиндрического потока электронов с экспоненциально изменяющейся амплитудой перемен-
ной составляющей тока в лампе бегущей волны (ЛБВ). Показано, что учет мнимой части коэффи-
циента редукции для линейного режима работы ЛБВ может изменить расчетную величину объем-
ного заряда в 1,5—2 раза, что в свою очередь достаточно сильно влияет на формирование началь-
ных условий нелинейного режима, а затем и на выходные характеристики ЛБВ. 

Ключевые слова: комплексный коэффициент редукции, цилиндрический поток электронов, перемен-
ная составляющая тока, объемный заряд, ЛБВ.

В õîдå ýêñïåðèмåíòàëьíыõ èññëåдîâàíèé 
быëî óñòàíîâëåíî, чòî ÊПÄ ЛБВ ñ îдíèм ñêàч-
êîм фàзîâîé ñêîðîñòè (ФÑ) ïîâышàåòñÿ íå òàê 
зíàчèòåëьíî, êàê ýòî ïîëóчàåòñÿ â òåîðåòèчåñêèõ 
ðàñчåòàõ, ê òîмó жå íåñêîëьêî ïàдàåò è êîýффè-
цèåíò óñèëåíèÿ ЛБВ. Бîëåå òîãî, â íåêîòîðыõ 
ñëóчàÿõ â ýêñïåðèмåíòàëьíыõ мàêåòàõ èзîõðîí-
íîé ЛБВ è ЛБВ ñî ñêàчêîм ФС, ââåдåííым â 
òîчêå мàêñèмóмà âыõîдíîé мîщíîñòè дëÿ îдíî-
ðîдíîé ЛБВ, ðàññчèòàííîå ïîâышåíèå ÊПÄ âî-
îбщå íå быëî ðåàëèзîâàíî èз-зà íåâîзмîжíîñòè 
îбåñïåчåíèÿ óñòîéчèâîé ðàбîòы âыõîдíîé ñåê-
цèè ЛБВ [2]. Пðèчèíы òàêîãî íåñîîòâåòñòâèÿ 
ýêñïåðèмåíòàëьíыõ ðåзóëьòàòîâ ðàñчåòàм â òî 
âðåмÿ íå быëè íàéдåíы. 

Вмåñòå ñ òåм, â ýêñïåðèмåíòàëьíыõ мàêå-
òàõ ЛБВ ñ дâîéíым ñêàчêîм фàзîâîé ñêîðîñòè 
ÊПÄ âзàèмîдåéñòâèÿ быë óâåëèчåí â 1,5 ðàзà ïî 
ñðàâíåíèю ñ ÊПÄ îдíîðîдíîé ЛБВ [2]. Пðè ýòîм 
мы îбðàòèëè âíèмàíèå íà òî, чòî â òàêèõ ЛБВ 
îòëèчèÿ ýêñïåðèмåíòàëьíыõ зíàчåíèé ÊПÄ è 
дëèíы âыõîдíîãî óчàñòêà ñïèðàëè îò ðàñчåò-
íыõ быëè зíàчèòåëьíî мåíьшèмè, чåм â ЛБВ ñ 
îдíèм ñêàчêîм фàзîâîé ñêîðîñòè дëÿ ñëóчàåâ ñ 
âыñîêèм ÊПÄ. Пî íàшåмó мíåíèю, ýòî ñâÿзàíî 
ñ òåм, чòî дëèíà дâîéíîãî ñêàчêà ФС ñîñòàâëÿ-
åò íå бîëåå 10% дëèíы âыõîдíîé ñåêцèè ЛБВ, 
â òî âðåмÿ êàê ïðîòÿжåííîñòь óчàñòêà ñïèðàëè 
ñ îдíèм ñêàчêîм ФС íàмíîãî бîëьшå (â 3—4 
ðàзà). Сëåдîâàòåëьíî, òîчíîñòь èñõîдíыõ зíà-
чåíèé бåзðàзмåðíыõ ïàðàмåòðîâ ЛБВ îбÿзà-
òåëьíî ñêàжåòñÿ íà ðàñчåòíыõ õàðàêòåðèñòèêàõ 
ЛБВ, îñîбåííî â ñëóчàå ñ îдíèм ñêàчêîм фàзî-
âîé ñêîðîñòè, êîãдà ðàñчåò ïðîèñõîдèò íà бîëь-
шåé дëèíå âзàèмîдåéñòâèÿ. 

Изâåñòíî, чòî îò âåëèчèíы ïàðàмåòðà îбъåм-
íîãî зàðÿдà 4QC ñèëьíî зàâèñÿò âыõîдíыå õà-
ðàêòåðèñòèêè ЛБВ — óñèëåíèå è ÊПÄ [3, 4]. Äëÿ 
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âычèñëåíèÿ ïàðàмåòðà 4QC íåîбõîдèмî зíàòь 
êîýффèцèåíò дåïðåññèè p2, зíàчåíèю êîòîðî-
ãî îí ïðÿмî ïðîïîðцèîíàëåí. Äëÿ îдíîðîдíыõ 
ñïèðàëьíыõ ЛБВ зíàчåíèÿ êîýффèцèåíòà дå-
ïðåññèè (èëè ðåдóêцèè) быëè îïðåдåëåíы åщå 
â 1950-õ — â íàчàëå 1960-õ ãîдîâ [3, 5]. С òåõ 
ïîð îíè íåèзмåííî ïðèмåíÿëèñь дëÿ âычèñëå-
íèÿ ïàðàмåòðà îбъåмíîãî зàðÿдà è ïîзâîëÿëè 
ðàññчèòыâàòь âыõîдíыå õàðàêòåðèñòèêè ЛБВ. 
Оòëèчèå ðàñчåòíыõ è ýêñïåðèмåíòàëьíыõ зíàчå-
íèé ÊПÄ, óñèëåíèÿ è дëèíы óчàñòêîâ îдíîðîд-
íыõ ñïèðàëьíыõ ЛБВ быëè íåñóщåñòâåííымè 
è îïðåдåëÿëèñь дîïóщåíèÿмè, ïðèíÿòымè ïðè 
âыâîдå îñíîâíыõ óðàâíåíèé ЛБВ. Пîýòîмó ïðè 
ðàñчåòàõ îбъåмíîãî зàðÿдà дëÿ ЛБВ ñî ñêàчêà-
мè фàзîâîé ñêîðîñòè òðàдèцèîííî èñïîëьзîâàëè 
òå жå зíàчåíèÿ êîýффèцèåíòîâ дåïðåññèè, ïîëó-
чåííыå ñ óчåòîм òîëьêî åãî дåéñòâèòåëьíîé чà-
ñòè. Вмåñòå ñ òåм, íåòðóдíî зàмåòèòь, чòî åñëè 
â âыðàжåíèÿõ дëÿ îïðåдåëåíèÿ êîýффèцèåíòà 
ðåдóêцèè [3, 6] ïåðåмåííàÿ ñîñòàâëÿющàÿ âîз-
бóждàющåãî òîêà èзмåíÿåòñÿ ïî àмïëèòóдå, òî 
êîýффèцèåíò ðåдóêцèè ÿâëÿåòñÿ êîмïëåêñíîé 
âåëèчèíîé. Вåðîÿòíî, íåóчåò ýòîãî фàêòà мîжåò 
ñóщåñòâåííî âëèÿòь íà ðàñчåòíîå зíàчåíèå îбъ-
åмíîãî зàðÿдà, à зíàчèò è íà ïàðàмåòð íåñèí-
õðîííîñòè ïðè òåõ åãî зíàчåíèÿõ, êîòîðыå õà-
ðàêòåðíы дëÿ ЛБВ ñî ñêàчêîм фàзîâîé ñêîðîñòè.

Цåëью íàñòîÿщåé ðàбîòы ÿâëÿåòñÿ âыâîд 
óðàâíåíèé дëÿ âычèñëåíèÿ êîмïëåêñíîãî êîýф-
фèцèåíòà ðåдóêцèè è àíàëèз âëèÿíèÿ åãî мíè-
мîé чàñòè íà òîчíîñòь âычèñëåíèÿ ïàðàмåòðà 
îбъåмíîãî зàðÿдà â ñïèðàëьíîé ЛБВ. 

Расчет комплексных коэффициентов 
редукции

Бóдåм èñêàòь дåéñòâèòåëьíóю (p1)è мíèмóю 
(p2) чàñòè êîмïëåêñíîãî êîýффèцèåíòà ðåдóê-
цèè дëÿ àêñèàëьíî-ñèммåòðèчíîãî ïîòîêà ýëåê-
òðîíîâ ñ ïåðåмåííîé ñîñòàâëÿющåé ïëîòíîñòè 
òîêà (â дàëьíåéшåм — òîêà), èзмåíÿющåéñÿ 
ïî àмïëèòóдå:

 i~exp[j(–β0+j∙∆β)z],                                  (1)

ãдå j — мíèмàÿ åдèíèцà;
β0 — ïîñòîÿííàÿ ðàñïðîñòðàíåíèÿ;

∆β — àмïëèòóдíàÿ ïîñòîÿííàÿ;
z — ïðîдîëьíàÿ êîîðдèíàòà.

Äëÿ ýòîãî âîñïîëьзóåмñÿ âыðàжåíèåм дëÿ êî-
ýффèцèåíòà ðåдóêцèè (ñм. фîðмóëó (7) â [6]), 
ïîëîжèâ n=0. Пîïåðåчíóю ïîñòîÿííóю ðàñïðî-
ñòðàíåíèÿ ñ óчåòîм (1) è óñëîâèÿ |∆β|<<β0 (чòî 
îбычíî ñîбëюдàåòñÿ íà ïðàêòèêå) зàïèшåм êàê

γ=[(β0–j∙∆β)2–(kR)2]0,5=(β0
2–k2)0,5+j∙∆β=

  =γ0+j∙∆β.                                              (2)

Пîдñòàâèâ ýòî âыðàжåíèå â фîðмóëó (7) èз 
[6], ðàзëîжèâ â ðÿд ïî мàëîмó ïàðàмåòðó ∆β è 
îòдåëèâ âåщåñòâåííóю è мíèмóю чàñòè â âыðà-
жåíèè дëÿ êîýффèцèåíòà ðåдóêцèè, ïîëóчàåм

p2=p1+jp2rï∙∆β,                                         (3)

ãдå  

p1=0,5υ2[I0(υ)K0(υ)+I1(υ)K1(υ)–
  –A1(αυ)A0(υ)]–0,5I1

2(υ)/A0(υ);   (4) 

p2=υγ0 ∆β[I0(υ)K0(υ)–A1(αυ)I0
2(υ)–

  –I0(υ)I1(υ)[υA0(υ)–
  –I0(υ)I1(υ)]/[υ2A0

2(υ)]+
  + 0,5A0(υ)/I0

2(αυ)].                              (5)

Пðè ýòîм
A0(υ)=I0

2(υ)—I1
2(υ);

A1(αυ)=K0(αυ)/I0(αυ);
υ= γ0rï; α= γ0R/υ; 
γ0= (β0

2—k2)0,5;  

k= ω(ε0µ0)0,5; 
I0(υ), I1

2(υ), K0(αυ), K0(αυ) — мîдèфèцèðî-
âàííыå фóíêцèè Бåññåëÿ ïîðÿдêà 0 è 1.

В ýòèõ фîðмóëàõ ïðèíÿòы ñëåдóющèå îбî-
зíàчåíèÿ:

rï — ðàдèóñ ïîòîêà (ïóчêà) ýëåêòðîíîâ;

R — ðàдèóñ цèëèíдðèчåñêîãî âîëíîâîдà ñ èдåàëь-
íîé ïðîâîдèмîñòью ñòåíîê;

ε0, µ0 — дèýëåêòðèчåñêàÿ è мàãíèòíàÿ ïðîíèцàåмî-
ñòè âàêóóмà ñîîòâåòñòâåííî;

ω — êðóãîâàÿ чàñòîòà.

Фóíêцèÿ ðàñïðåдåëåíèÿ òîêà ïî ðàдèóñó ñî-
âïàдàåò здåñь ñ ðàñïðåдåëåíèåм ïîëÿ ñèíõðîí-
íîé âîëíы. 

Нà рис. 1, а, б шòðèõîâымè ëèíèÿмè ïðèâå-
дåíы ðàññчèòàííыå ïî фîðмóëàм (4) è (5) зíà-
чåíèÿ âåщåñòâåííîé è мíèмîé чàñòåé êîмïëåêñ-
íîãî êîýффèцèåíòà ðåдóêцèè дëÿ ðàзíыõ зíà-
чåíèé зàïîëíåíèÿ ïðîëåòíîãî êàíàëà ýëåêòðîí-
íым ïóчêîм rï/R. Сïëîшíымè ëèíèÿмè ïîêà-
зàíы êîýффèцèåíòы ðåдóêцèè ïðè ðàâíîмåðíîм 
ðàñïðåдåëåíèè òîêà ïî ðàдèóñó ïóчêà (ñïëîшíыå 
ëèíèè), êîòîðыå быëè ïîëóчåíы ïî фîðмóëàм

p1=1–2I1(υ)[K1(υ)+A1(αυ)I1(υ)];

p2=2υ(I1
2(υ)/[υI0

2(αυ)]–2[I0(υ)–
  —I1(υ)/υ]A1(αυ)I1(υ)–I0(υ)K1(υ)+
   +I1(υ)[K0(υ)+2K1(υ)/υ]).

Сëåдóåò îòмåòèòь, чòî зíàчåíèÿ âåщåñòâåííîé 
чàñòè êîýффèцèåíòà ðåдóêцèè, ïðèâåдåííыå íà 
ðèñ. 1, а, ïðèмåðíî ñîâïàдàюò ñ òåмè, чòî îбыч-
íî èñïîëьзóюòñÿ â ðàñчåòàõ â ñëóчàå ðàâíîмåð-
íîãî ðàñïðåдåëåíèÿ òîêà.

Нà ðèñ. 1, а, б шòðèõîâыå è ñïëîшíыå ëè-
íèè ñîâïàдàюò ïðè γ0rï< 0,6, ò. å. â ýòîé îбëà-
ñòè зíàчåíèÿ âåщåñòâåííîé è мíèмîé чàñòåé êî-
ýффèцèåíòà ðåдóêцèè íå зàâèñÿò îò õàðàêòå-
ðà ðàñïðåдåëåíèÿ òîêà ïî ðàдèóñó. В èíòåðâà-
ëå 0,6<γ0rï<0,9 òàêàÿ зàâèñèмîñòь óжå íàбëюдà-
åòñÿ, îдíàêî зíàчåíèÿ p1 è p2, ïîëóчåííыå дëÿ 
ðàзíыõ âèдîâ ðàñïðåдåëåíèÿ òîêà ïî ðàдèóñó, 
îòëèчàюòñÿ мåждó ñîбîé íå бîëåå чåм íà 8%. 
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Из ðèñ. 1, в âèдíî, чòî â îбëàñòè зíàчåíèé 
γ0rï< 0,9 (òèïèчíыõ дëÿ ñïèðàëьíыõ ЛБВ) âå-
ëèчèíà îòíîшåíèÿ p2/p1∙γ0rï íàõîдèòñÿ â ïðåдå-
ëàõ 1,3—2,0 дëÿ ñëóчàåâ, êîãдà ïàðàмåòð зàïîë-
íåíèÿ ïóчêîм ïðîëåòíîãî êàíàëà rï/R ñîñòàâ-
ëÿåò бîëåå 0,5, чòî õàðàêòåðíî дëÿ âыõîдíîãî 
óчàñòêà ЛБВ â дèíàмèчåñêîм ðåжèмå ðàбîòы. 
Сëåдîâàòåëьíî, ïîïðàâêà, îбóñëîâëåííàÿ мíè-
мîé чàñòью êîýффèцèåíòà ðåдóêцèè, дîâîëьíî 
зíàчèòåëьíà è åå íåîбõîдèмî óчèòыâàòь ïðè ðàñ-
чåòàõ ïàðàмåòðîâ è õàðàêòåðèñòèê ЛБВ.

Âлияние комплексных коэффициентов 
редукции на параметры ЛБÂ, работающей  

в линейном режиме
Äëÿ îцåíêè ýòîãî âëèÿíèÿ âыðàзèм, èñïîëь-

зóÿ (1), зíàчåíèå ∆β0rï чåðåз âîзбóждàющèé òîê 
è åãî ïðîèзâîдíóю ïî ïðîдîëьíîé êîîðдèíàòå z: 

jrïi∙∆β=–γ0rïi– jrïdi/dz.                             (6)

Пîдñòàâëÿÿ ïîëóчåííîå âыðàжåíèå â фîðмó-
ëó (3) è èñïîëьзóÿ зàïèñàííыé òàêèм îбðàзîм 
êîýффèцèåíò ðåдóêцèè дëÿ îïðåдåëåíèÿ ïîëÿ 
ïðîñòðàíñòâåííîãî зàðÿдà, à òàêжå ñëåдóÿ мå-
òîдèêå ñîñòàâëåíèÿ ëèíåéíыõ óðàâíåíèé ЛБВ 
[3], ïîëóчàåм

I1''+4(QC)ЭI1=j(1+bC)2F,                                             (7)
F'+jbЭF=I1; 

ãдå F', I1'' — ïåðâàÿ è âòîðàÿ ïðîèзâîдíыå, ñîîòâåò-
ñòâåííî, бåзðàзмåðíыõ àмïëèòóд ïîëÿ è 
ïåðâîé ãàðмîíèêè òîêà ïî бåзðàзмåðíîé 
дëèíå зàмåдëÿющåé ñèñòåмы; 

4(QC)Э= 4QC[1—K2C/(1+bC)];

b — ïàðàмåòð íåñèíõðîííîñòè;

C — ïàðàмåòð óñèëåíèÿ;

bЭ = b–δb;

δb = 4QC∙K2C/[2(1+bC)];

K2  = γ0rïp2/p1.

Из àíàëèзà âыðàжåíèÿ (7) âèдíî, чòî íà 
óчàñòêàõ зàмåдëÿющåé ñèñòåмы ЛБВ дî íàñыщå-
íèÿ âыõîдíîé мîщíîñòè ïðè C=0,1 è b=±(2—4) 
(чòî õàðàêòåðíî дëÿ ïðèбîðîâ ñî ñêàчêîм фàзî-
âîé ñêîðîñòè â зàмåдëÿющåé ñèñòåмå) ïîïðàâêè 
мîãóò óâåëèчèâàòь ýêâèâàëåíòíыé ïàðàмåòð îбъ-
åмíîãî зàðÿдà 4(QC)Э ïðèбëèзèòåëьíî â дâà ðàзà 
ïðè b=–(2—4) или уменьшать его, тоже прибли-
зèòåëьíî â дâà ðàзà ïðè b=2—4. Êðîмå òîãî, ýê-
âèâàëåíòíыé ïàðàмåòð íåñèíõðîííîñòè bЭ зàâè-
ñèò îò ïàðàмåòðà îбъåмíîãî зàðÿдà è îòíîшåíèÿ  
p2/p1∙γ0rï (ñм. ðèñ. 1, в). 

Оòмåòèм, чòî ïðè íåëèíåéíîм ðåжèмå ðàбîòы 
ЛБВ èзмåíåíèå àмïëèòóды ïåðåмåííîé ñîñòàâ-
ëÿющåé òîêà íå ÿâëÿåòñÿ ýêñïîíåíцèàëьíым è 
мàëî мåíÿåòñÿ âдîëь ïðîдîëьíîé îñè ïðèбîðà, 
ò. å. â ýòîм ñëóчàå êîмïëåêñíыå ïîïðàâêè мîж-
íî быëî бы è íå óчèòыâàòь. Одíàêî íà ëèíåé-
íîм óчàñòêå âзàèмîдåéñòâèÿ âëèÿíèå ïîïðàâîê 
ñóщåñòâåííî, à зíàчèò, îíè îêàзыâàюò ñèëьíîå 
âëèÿíèå íà íàчàëьíыå óñëîâèÿ íåëèíåéíîãî ðå-
жèмà è, ñîîòâåòñòâåííî, íà âыõîдíыå õàðàêòå-
ðèñòèêè ЛБВ. 

Пîëóчåííыå здåñь êîмïëåêñíыå êîýффèцèåí-
òы ðåдóêцèè мîãóò быòь ïðèмåíåíы â íåëèíåé-
íыõ óðàâíåíèÿõ ЛБВ дëÿ ïåðâîãî ïðèбëèжåíèÿ. 

Рèñ. 1. Зàâèñèмîñòè âåщåñòâåííîé (а) è мíèмîé (б) чà-
ñòåé êîýффèцèåíòà ðåдóêцèè цèëèíдðèчåñêîãî ïîòîêà 
ýëåêòðîíîâ, à òàêжå îòíîшåíèÿ p2/p1 (óмíîжåííîãî íà 
γ0rï) (в) îò ïàðàмåòðà γrï дëÿ ðàзíыõ зíàчåíèé rï/R:

1 — 0,25; 2 — 0,5; 3 — 0,83
(ñïëîшíыå ëèíèè — ïðè ðàâíîмåðíîм ðàñïðåдåëåíèè 
òîêà ïî ðàдèóñó; шòðèõîâыå — ïðè ðàñïðåдåëåíèè â 

âèдå I0(γrï))

p1

0,5

0,4

0,3

0,2

0,1

0              0,5           1,0           1,5         γrï

2

à)

1

3

p2

0,4

0,3

0,2

0,1

0              0,5          1,0           1,5         γrï

2

б)

1

3

p
p

r
1

ï
2 γ

1,5

1,0

0,5

0              0,5          1,0           1,5          γrï

2

â)

1

3
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Äëÿ ýòîãî ñëóчàÿ p2 óдîбíî ïðåдñòàâèòь â 
фîðмå

p2=p1[1+jK2C/[2(1+bC)]∙(I1I1*)'/(I1I1*)],    (8)

ãдå I1, I1*—бåзðàзмåðíàÿ àмïëèòóдà ïåðâîé ãàðмî-
íèêè òîêà è ñîïðÿжåííàÿ åé âåëèчèíà 
ãàðмîíèêè òîêà;

(I1I1*)' —ïðîèзâîдíàÿ ïî бåзðàзмåðíîé дëèíå зà-
мåдëÿющåé ñèñòåмы.

Пîдñòàâèâ âыðàжåíèå (8) â фîðмóëó дëÿ 
ïîëÿ ïðîñòðàíñòâåííîãî зàðÿдà (IV.24) èз [3], 
мîжíî óâèдåòь, чòî мíèмàÿ чàñòь (8) дàåò ïî-
ïðàâêó ê ïîëю ïðîñòðàíñòâåííîãî зàðÿдà, êîòî-
ðàÿ ëåãêî мîжåò быòь óчòåíà â ñèñòåмå íåëèíåé-
íыõ óðàâíåíèé ЛБВ. 

Âыводы 
Òàêèм îбðàзîм, ïðîâåдåííыå èññëåдîâàíèÿ 

ïîêàзàëè, чòî дëÿ бîëåå òîчíîãî ðàñчåòà ïàðà-
мåòðà îбъåмíîãî зàðÿдà â ЛБВ ñî ñïèðàëьíîé 
зàмåдëÿющåé ñèñòåмîé â ñëóчàå цèëèíдðèчå-
ñêîãî ïîòîêà ýëåêòðîíîâ ñ ýêñïîíåíцèàëьíî èз-
мåíÿющåéñÿ àмïëèòóдîé ïåðåмåííîé ñîñòàâëÿ-
ющåé ïëîòíîñòè òîêà ñëåдóåò óчèòыâàòь мíè-
мóю чàñòь êîýффèцèåíòà ðåдóêцèè. В ëèíåé-
íîм ðåжèмå ðàбîòы ЛБВ ïðè âåëèчèíå ïàðàмå-
òðà óñèëåíèÿ C=0,1 è ïàðàмåòðà íåñèíõðîííî-

ñòè b=±(2—4) â îбëàñòè зíàчåíèé γ0rï<0,9 òà-
êàÿ ïîïðàâêà ïðèâîдèò ê èзмåíåíèю âычèñëåí-
íîãî бåз íåå îбъåмíîãî зàðÿдà â 1,5 — 2 ðàзà. 
Эòî, â ñâîю îчåðåдь, îêàзыâàåò ñóщåñòâåííîå 
âëèÿíèå íà фîðмèðîâàíèå íàчàëьíыõ óñëîâèé 
íåëèíåéíîãî ðåжèмà è, ñîîòâåòñòâåííî, íà ðàñ-
чåòíыå õàðàêòåðèñòèêè ЛБВ. 
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ÊОМПЛЕÊСНИЙ ÊОЕФІЦІЄНÒ РЕÄÓÊЦІЇЇ ДЛЯ ЦИЛІНДРИЧНОГО 
ПОÒОÊÓ ЕЛЕÊÒРОНІВ ЗІ ЗМІНЮВАНОЮ АМПЛІÒÓÄОЮ ЗМІННОЇ 
СÊЛАÄОВОЇ СÒРÓМÓ В ЛБХ 
Отримано формули для обчислення дійсної та уявної частин комплексного коефіцієнта редукції для 
циліндричного потоку електронів з експоненціально змінюваною амплітудою змінної складової стру-
му в лампі біжучої хвилі (ЛБХ). Показано, що врахування уявної частини коефіцієнта редукції для 
лінійного режиму роботи ЛБХ може змінювати розрахункову величину об’ємного заряду у 1,5—2 рази, 
що в свою чергу достатньо сильно впливає на формування початкових умов нелінійного режиму, а зго-
дом і на вихідні характеристики ЛБХ.

Ключові слова: комплексний коефіцієнт редукції, циліндричний потік електронів, змінна складова стру-
му, об'ємний заряд, ЛБХ. 
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COMPLEX REDUCTION COEFFICIENT FOR A CYLINDRICAL ELECTRON 
BEAM WITH VARIABLE AMPLITUDE OF THE VARIABLE CURRENT 
COMPONENT IN THE TWT
The conventional approach to calculating the space charge for the traveling-wave tube (TWT) with phase 
velocity jumps is to use the same values of the depression coefficient as the ones for homogeneous helical TWTs. 
However, if the variable component of the exciting current in the expressions for determining the reduction 
coefficient is changed in amplitude, then the reduction factor is a complex value. Perhaps the neglect of 
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this fact can significantly affect the volume discharge calculated value, and hence the non-synchronization 
parameter, for those of its values, which are characteristic of the TWT with a phase velocity jump. In this 
paper, formulas has been obtained for computation of real and imaginary parts of the complex reduction 
coefficient for a cylindrical electrons beam with exponential variable amplitude of variable current component 
in the TWT. Influence of complex reduction coefficient on the parameters of the TWT operating in the linear 
mode is estimated. It is shown that taking into account the imaginary part of the reduction coefficient for 
linear operation of the TWT makes it possible to change the estimated amount of space charge 1.5 to 2 times, 
which in its turn has quite a strong effect on the formation of the initial conditions of the nonlinear mode and, 
subsequently, on the output characteristics of the TWT.

Keywords: complex reduction coefficient, cylindrical electron beam, variable current component, space charge, 
TWT.
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Гилмор-мл. À. Ñ. Лампы с бегущей волной.— Ìîñêâà: Òåõíîñôåðà, 2013.

Êíèãà îñíîâàíà íà мàòåðèàëàõ ëåêцèé è ñåмèíàðîâ ïî СВЧ-
ëàмïàм, êîòîðыå àâòîð мíîãîêðàòíî ïðåдñòàâëÿë â âåдóщèõ фèð-
мàõ è óíèâåðñèòåòàõ США. В íåé ñîñðåдîòîчåíы бàзîâыå зíàíèÿ 
ïî òåîðèè è òåõíèêå íàèбîëåå âîñòðåбîâàííîãî â òåчåíèå мíîãèõ, 
â òîм чèñëå è ïîñëåдíèõ дåñÿòèëåòèé, ïðèбîðà — ëàмïы ñ бå-
ãóщåé âîëíîé (ЛБВ). Êíèãà íàïèñàíà дîñòóïíым дëÿ шèðîêîãî 
êðóãà чèòàòåëåé è îбðàзíым ÿзыêîм, мåòîдèчåñêè ñбàëàíñèðî-
âàíà. Шèðîêî èñïîëьзóåмыå цèòàòы èз ðàбîò èзâåñòíыõ ñïåцè-
àëèñòîâ è îбшèðíàÿ бèбëèîãðàфèÿ ñïîñîбñòâóюò бîëåå ãëóбîêî-
мó âîñïðèÿòèю èзëàãàåмîãî мàòåðèàëà. Êíèãà мîжåò быòь ïîëåзíà êàê дëÿ ïîд-
ãîòîâêè ñòóдåíòîâ ñòàðшèõ êóðñîâ è àñïèðàíòîâ âóзîâ, òàê è ñïåцèàëèñòîâ, зàíÿ-
òыõ ðàзðàбîòêîé è ïðèмåíåíèåм ЛБВ â ðàзëèчíыõ îбëàñòÿõ ðàдèîýëåêòðîíèêè. 
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Íанотехнологии в электронике. Âып. 2 / Под ред. Ю. À. ×аплыгина.— 
Ìîñêâà: Òåõíîñôåðà, 2013.

Нàñòîÿщåå èздàíèå — âòîðîé âыïóñê êíèãè, âышåдшåé íåñêîëь-
êî ëåò íàзàд. Êàждóю èз чàñòåé êíèãè ïðåдñòàâëÿåò ãðóïïà àâ-
òîðîâ, àêòèâíî ðàзâèâàющèõ дàííîå íàïðàâëåíèå â Нàцèîíàëь-
íîм èññëåдîâàòåëьñêîм óíèâåðñèòåòå «МИЭÒ». Êîëëåêòèâ àâòî-
ðîâ ñòàðàëñÿ îñóщåñòâèòь чàñòèчíóю ïðååмñòâåííîñòь мàòåðèà-
ëà, ñîдåðжàщåãîñÿ â ïåðâîм âыïóñêå, îдíàêî ñòðóêòóðà êíèãè 
ñóщåñòâåííî èзмåíèëàñь: ãðóïïèðîâêà ñòàòåé ïî óñëîâíым ðàз-
дåëàм (òåîðåòèêî-ýêñïåðèмåíòàëьíыå ðàбîòы, мåòîды èññëåдî-
âàíèé, òåõíîëîãèè, ïðèбîðы è óñòðîéñòâà) ïðåдñòàâëÿåòñÿ бîëåå ïðàâèëьíîé ñ 
òîчêè зðåíèÿ ïîíèмàíèÿ îбщåãî íàïðàâëåíèÿ ðàбîò â МИЭÒ. Êàждàÿ èз ðàбîò 
ïðåдñòàâëÿåò ñîбîé зàêîíчåííыé íàóчíыé òðóд îбзîðíîãî èëè îбîбщàющåãî õà-
ðàêòåðà, ëèбî ÿâëÿåòñÿ чàñòью îðèãèíàëьíыõ èññëåдîâàíèé, ïîëóчåííыõ зà ïî-
ñëåдíèå 3—5 ëåò.
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BARKER-LIKE SYSTEMS OF SEQUENCES  
AND THEIR PROCESSING

Barker sequences (codes) are generally well 
known in telecommunication systems (DSSS 
tech nology, synchronization) and radar techno-
logy. They are characterized by low sidelobes 
of normalized autocorrelation function (ACF) 
|RSL(τ)| ≤ 1/N (N is the length of sequence) [1]. 
Binary Barker sequences (elements ai ∈ {±1}) are 
only known for lengths N = 2; 3; 4; 5; 7; 11; 13. 
There are no these sequences for odd lengths  
N > 13, but it is unknown about an existence 
of these sequences for even lengths N > 4 
[2, p. 109]. Ternary Barker sequences (elements  
ai ∈ {0, ±1}) are also known up to length N = 31 
[3, p. 23]. There is a known kind of sequences 
called “Generalized Barker Sequences (Codes)”, 
they are polyphase sequences which consist of ele-
ments ai ∈ {exp(j⋅2πk/M)}, k≤M [4]. Polyphase 
Barker sequences are known up to length N = 77 [5].

The problem boils down to a controversy con-
cerning the existence of sequences or systems of 
sequences with a greater length that would make 
it possible to obtain after their processing an ACF-
signal with a low value of side lobes and a narrow 
central-lobe (as that of the Barker sequences). One 
of the solutions of this problem is the complemen-
tary sequences [6]. They are pairs of sequences of 
lengths N = 2n⋅10k⋅26m (n ≥ 0, k ≥ 0, m ≥ 0; except 
for the case n = k = m = 0) with a property that 
the result of adding of sidelobes of their ACF is 
equal to zero. Complementary sequences are used 
in pulse compression radar systems, telecommu-
nication systems IEEE 802.11b/g and other ap-
plications. Although the complementary sequences 
are a good technical solution, the optimal ACF 
structure synthesis problem still hasn’t been solved 
in general, and there may be some other kinds of 
sequences that can, for instance, provide better 
noise stability of radio systems and consistency 
with some digital modulation techniques, e.g., 
QAM.

New systems of binary sequences, that give the similar correlation properties after signal processing 
as that of the Barker sequences, are suggested and analyzed. The author considers processing of such 
systems, as well as ways of their application to radio systems and their comparison with complementary 
sequences.

Keywords: Barker sequences, complementary sequences, correlation properties, sidelobe suppression, 
signal processing.

This research is a continuation of the research 
described in [7] and concerns the problem of syn-
thesis of the optimal ACF structure. The goal of 
this study is to suggest new systems of binary se-
quences (generation rules for such sequences) and 
their application in signal processing, which would 
make it possible to obtain ACF-signals with the 
maximum normalized absolute value of sidelobes 
1/Nmax (as that of the Barker sequences), where 
Nmax is the maximum length of sequence in the 
system of sequences.

Systems of Barker-like Sequences
Systems of sequences being suggested consist 

of the Barker sequence a = {–1; 1; –1; –1; –1} 
(length N = 5) and binary sequences of lengths 
N = 20⋅2q, q = 0, 1, 2, 3, ..., which can be ob-
tained by using the generation rule
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Such systems of sequences allow to obtain, after 
the joint signal processing (considered below), an 
ACF-signal with the maximum normalized abso-
lute value of sidelobes 1/Nmax, which would match 
to the maximum value of sidelobes in a Barker 
sequence of length Nmax, if it existed. Therefore, 
such systems of sequences may be called “Barker-
like systems of sequences”.

Such system can contain subtype A or subtype B 
sequences (signs of some ACF sidelobes depend 
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on the subtype, but their absolute values do not 
depend on the subtype).

Generation rule (1) generally gives binary se-
quences of lengths N = 4k, k = 1, 2, 3, ..., but in 
our case only lengths N = 20⋅2q, q = 0, 1, 2, 3, ... 
are required. 

The ACF of sequences that have been obtained 
by (1) is partly presented for certain τ values and 
N ≥ 12 in

( )
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It is important that the central lobe of ACF 
R(0) = N is always separated from the first 
high sidelobe by low sidelobes (0 or ±1); high 
sidelobes are concentrated between zero sidelobes 
(at τ = 2 + 4m, m = 0, 1, 2, 3, ...).

The structure of sequences which have been 
obtained by (1) is shown in Fig. 1.
Signal processing and ways of using Barker-

like systems of sequences
Signal processing and ways of application of 

the suggested systems of sequences are based on 
the following property of the systems: the result 
of multiplication of ACF-signals (at the outputs 
of matched filters), that exist at the same time 
interval and match to these sequences, constitutes 
a signal that is similar to the ACF-signal with a 
narrow central-lobe (equals to the duration of the 

Fig. 1. Structure of suggested subtype А (a) and subtype В (b) sequences

a)

b)

Fig. 2. Signals in the considered example of 
Barker-like system of sequences

U1(t)
1

–1
U2(t)

1

–1

0                     4                     8                    12                   16                       t

0          2          4         6            8        10         12          14      16        18            t



Òåõíîëîãèÿ è êîíñòðóèðîâàíèå â ýëåêòðîííîé àïïàðàòóðå, 2013, ¹ 6
21

SIGNALS TRANSFER AND PROCESSING SYSTEMS

Fig. 3. Matched filters for sequences 
N1=5 (a) and N2=20 (b)

Fig. 4. Forms of signals after MF for sequences N1=5 (a) and N2=20 (b), and the result of their multiplication (c)

a)

b)

inverter

delay line

a)

b)

c)
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Fig. 5. Signal processing of Barker-like systems 
of sequences

shortest element of sequences in all the system) 
and low sidelobes (normalized absolute values do 
not exceed 1/Nmax).

Let us take a detailed look at signal processing 
by using the example of the Barker-like system 
consisting of two sequences  {–1; 1; –1; –1; –1}  
(N1 = 5, Barker sequence) and {–1; 1; –1; –1; 1; 
–1; –1; –1; 1; –1; –1; –1; –1; 1; –1; –1; –1; 1; 
1; 1} (N2 = 20, sequence of subtype A). In Fig. 2 
are shown signals for those sequences (the same 
time interval, e. g. 20 µs, is used). Matched filters 
(MF) for signals of each sequence are shown in 
Fig. 3, and ACF-signals after the matched filters 
and the result of their multiplication (central-lobes 
of ACF-signals are reduced to the zero moment) 
are illustrated in Fig. 4.

In the case of the suggested systems of sequences 
the multiplication of ACF makes it possible to 
combine their advantages (low sidelobes of ACF1 
and narrow central-lobe of ACF2) and neutralize 
their disadvantages (wide central-lobe of ACF1 and 
high sidelobes of ACF2). It is possible because the 
ACF of suggested sequences has a comb structure: 
the central-lobe is always separated from the first 
high sidelobe by low sidelobes (0 or ±1) — this 
results in the appearance of a narrow central-lobe 
after multiplication. High sidelobes are also sepa-
rated from one another by zero sidelobes. Thus low 
and high sidelobes of different ACFs are partially 
or totally cross-thinned — this leads to partial or 
total sidelobe suppression.

Characteristics of some of the suggested Barker-
like systems of sequences (data are confirmed by 
computer modeling) are given in Table 1.

Theoretical justification of the fact, that the 
maximum normalized absolute value of ACF 
sidelobes is 1/Nmax for any possible number of 
sequences in a system, is expected in further re-
search.

Using the Barker sequence of length N = 5 in the 
suggested systems is important for the considered 
case, because if other basic binary Barker sequence 
(e.g., N=13) and system (e.g., N1=13 and N2=52) 
were used, the resultant maximum normalized 
absolute value of sidelobes wouldn’t be 1/Nmax 
(for the case N1=13 and N2=52 it would be 7/169, 
which is more than 1/Nmax = 1/N2 = 1/52).

In Fig. 5 is shown the signal processing system 
for Barker-like systems of sequences. Delay lines 
(2q+1 – 0.5)τq+2 in this system are used to align in 
time the centers of the central lobes.

In Table 2 an example of possible modulation 
scheme for DSSS technology is shown. In this 
example we have used the system of sequences  
N1=5 and N2=20 and QPSK modulation with 
Gray coding.

In our example, for correct operation of the signal 
processing system in a DSSS-transmitter, to transmit 

Table 1
Characteristics of some of the suggested Barker-like systems of sequences

Sequences in the system

Central-lobe 
width of ACF 
in the result of 
multiplication

Maximum normalized 
value of sidelobes of 
ACF in the result of 

multiplication

Example of 
the suitable 
modulation

N1 = 5 and N2 = 20 TS /20 1/20 QPSK

N1 = 5, N2 = 20 and N3 = 40 TS /40 1/40 8-PSK

N1 = 5, N2 = 20, N3 = 40 and N4 = 80 TS /80 1/80
16-PSK or 
16-QAM

N1 = 5, N2 = 20, N3 = 40, N4 = 80 
and N5 = 160

TS /160 1/160 32-QAM

N1 = 5, N2 = 20, N3 = 40, N4 = 80, 
N5 = 160 and N6 = 320

TS /320 1/320 64-QAM

TS – signal duration.

T
20 2 –w w

S
2$

τ =
(2q+1–0.5)τq+2
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a zero bit, it is necessary to invert only one chip flow, 
which matches to the sequence N2 = 20; the chip 
flow for the sequence N1 = 5 is constant and doesn’t 
depend on the bit value. Generally, in such systems 
may be inverted a certain odd number of chip flows, 
but not more than the total number of these flows.

Comparison of Barker-like systems of 
sequences with complementary sequences
One of the nearest analogs of the suggested 

Barker-like sequences are the complementary 
sequences. Their comparison is shown in Table 3.

Thus, by the criterion of value of ACF sidelobes 
after signal processing, the proposed systems of 
sequences are slightly inferior to known comple-
mentary sequences and equal to Barker sequences. 
Another important factor in the application of the 
proposed systems of sequences is noise stability of 
a telecommunication or radar system. In the case 
of application of such systems of sequences, after 
signal processing non-stationary noise tends to ap-

pear if stationary noise is at the input (unlike com-
plementary systems, where after signal processing 
the stationary noise appears). However, multipli-
cation of useful signals during signal processing 
(used for Barker-like systems of sequences) may 
give better noise stability than adding of useful 
signals (used for complementary systems). The 
issue of noise stability when using the suggested 
Barker-like systems of sequences will be addressed 
in further research.

Conclusions
The proposed systems of binary sequences 

and signal proces sing using such systems make 
it possible to obtain ACF-signals with the same 
maximum normalized absolute value of sidelobes 
as the one for the Barker sequences. It has been 
established using computer modeling, that the 
maximum length of binary sequences of such 
systems is at least 320. 

Comparison of the suggested sequences with 
the known complementary sequences shows that 

Bit 1 0

Chips 
(N1=5)

–1 1 –1 –1 –1 –1 1 –1 –1 –1

Chips 
(N2=20)

-1 1 -1 -1 1 -1 -1 -1 1 -1 -1 -1 -1 1 -1 -1 -1 1 1 1 1 -1 1 1 -1 1 1 1 -1 1 1 1 1 -1 1 1 1 -1 -1 -1

QPSK 
phases

π
4

3π
4

π
4

π
4

5π
4

7π
4

7π
4

7π
4

3π
4

π 
4

π 
4

π 
4

π 
4

3π
4

π 
4

π 
4

π 
4

3π
4

3π
4

3π
4

3π
4

π 
4

3π
4

3π
4

7π
4

5π
4

5π
4

5π
4

π 
4

3π
4

3π
4

3π
4

3π
4

π 
4

3π
4

3π
4

3π
4

π 
4

π 
4

π 
4

Table 2
Example of using of the considered sequences in DSSS

Table 3
Comparison of Barker-like systems of sequences with complementary sequences

Parameter Barker-like systems of sequences Complementary sequences 

The main principle of signal 
processing

Multiplication 
of results of matched filtering of 

each sequence

Adding 
of results of matched filtering 

of each sequence

Quantity of sequences in 
the system L ≥ 2 L = 2

Lengths of sequences in the 
system

N1 = 5 (Barker)
Nw = 20⋅2w–2, w = 2, ..., L

N1 = N2 = 2n⋅10k⋅26m,              
n ≥ 0, k ≥ 0, m ≥ 0, except for 

the case n = k = m = 0

Maximum normalized value 
of sidelobes of ACF in the 
result of signal processing

1/(20⋅2L–2) 0

Central-lobe width in the 
result of signal processing TS/NL TS/N1

Suitable modulation 2L-level shift keying modulation 
(e.g., 64-QAM for L = 6)

4-level shift keying 
modulation (e.g., QPSK)
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both this types are complementary, but matched 
filtering results in the case of the proposed 
sequences are multiplied, while for the known 
sequences the results are added.

Due to their properties after signal processing, 
the suggested systems of sequences can be used 
in the pulse-compression radar technology, in 
synchro nizing system, and in DSSS technology 
for wideband signal forming and data transfer.
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БАРКЕРОПОДІБНІ СИСТЕМИ ПОСЛІ ДОВНОСТЕЙ ТА ЇХ ОБРОБКА
Запропоновано та проаналізовано нові системи бінарних послідовностей, які дають такі ж властивості 
функції автокореляції після обробки сигналів, що і послідовності Баркера. Розглянуто принцип їх об-
робки, шляхи використання в радіосистемах, виконано їх порівняльний аналіз з комплементарними 
послідовностями.

Ключові слова: послідовності Баркера, комплементарні послідовності, кореляційні властивості, приду-
шення бічних пелюсток, обробка сигналів.
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БАРКЕРОПОДОБНЫЕ СИСТЕМЫ ПОСЛЕДОВАТЕЛЬНОСТЕЙ  
И ИХ ОБРАБОТКА
Предложены и проанализированы новые системы бинарных последовательностей, которые дают такие 
же свойства функции автокорреляции после обработки сигналов, что и последовательности Баркера. 
Рассмотрены принцип их обработки, пути использования в радиосистемах, выполнен их сравнительный 
анализ с комплементарными последовательностями.

Ключевые слова: последовательности Баркера, комплементарные последовательности, корреляционные 
свойства, подавление боковых лепестков, обработка сигналов.



Òåõíîëîãèÿ è êîíñòðóèðîâàíèå â ýëåêòðîííîé àïïàðàòóðå, 2013, ¹ 6
25

SIGNALS TRANSFER AND PROCESSING SYSTEMS

ÓÄÊ 621.396.962.3/045

I. G. PROKOPENKO, Dr. Sci. (Techn), I. P. OMELCHUK, Yu. D. CHYRKA, V. Yu. VOVK

Ukraine, Kiev, National Aviation University
E-mail: prokop-igor@yandex.ru, omelip@ukr.net

FAST FREQUENCY TRACKING

Periodic signals processing is an important part 
of electronic support measures (ESM) technologies 
on which a variety of different modern technical 
systems are based. Thus, the problem of frequency 
synchronization in telecommunication systems is 
still relevant [1]. The same applies to panoramic 
receivers, the main feature of which is fast detec-
tion of signals with a priori unknown parameters 
[2]. Coherent processing algorithms that are used 
in the receiver require measurements of phase and 
frequency of weak radio signals in the presence 
of noise. Signals in Global Satellite Navigation 
Systems besides have a large frequency (Doppler) 
uncertainty at the receiver that is consequence of 
the high relative satellite-to-receiver velocity [3]. 
The specificity of power systems of grid-connected 
converter type is high-precision frequency tuning 
to known nominal value and ensuring phase syn-
chronization [4—5].

In the most of above-mentioned systems, the 
signal (x) can be considered as a single-tone (s) 
with additive white Gaussian noise (η):

, , ,sinx s i j1i i i i
i

j

i0
0

η ρ ω τ ϕ η= + = + + =
=

e o/

The measurement of these parameters is consid-
ered in [6] the main point of which is an algorithm 
of instantaneous frequency estimation. It was this 
work which became the basis of the present study, 
where we solve the problem of improving perform-
ance of harmonic signal synchronization systems. 
We propose a new frequency tracking method 
based on estimation of instantaneous frequencies 

A method of periodical signal frequency tracking by the frequency-locked loops is proposed. Increasing 
of frequency adjustment accuracy is achieved by using of a new fast frequency discriminator, based 
on estimates of an instantaneous frequency. Reasonability of an input signal pre-filtering in case of 
nonlinear distortions, harmonics interferences and strong noise is proved.

Keywords: FLL, speed, frequency estimation, interference, adaptive filter, open loop.

and fast frequency-locked loop (FLL) system with 
a new fast frequency discriminator (FD) and an 
open loop to enhance the frequency tracking with 
nonlinear element in the closed loop. We also 
propose to implement the input signal pre-filtering 
using an adaptive low-pass filter (ALPF).

At first we consider general principles of 
frequency tracking with the use of phase-locked 
loops (PLL) and frequency-locked loops. Then we 
provide detailed description of the proposed system 
and its structural elements. System effectiveness is 
researched by computer simulations and analysis 
of frequency tracking transient processes for dif-
ferent versions of the FLL. Finally, we prove it 
necessary to use an adaptive filter for reduction of 
noise, interferences and higher harmonics.

Basic methodology
The conventional synchronization technique 

is based on the application of PLL which also 
provides phase synchronization of reference and 
generated signals. These systems generally in-
clude the three typical structural blocks: phase 
discriminator, control unit (CU) and controlled 
oscillator (CO). 

The typical examples of such systems are three-
phase PLL-systems [4]. Although these systems 
are fast and accurate under balanced conditions, 
they become inapplicable when the utility voltage 
is unbalanced. This circumstance leads to system 
decomposition onto three independent channels 
with individual parameters tracking [4]. The usage 
of the single-phase PLL is typical for the above-
mentioned ESM-systems.

As it is said in [5], PLLs synchronize with the 
phase of the input signal, and hence, the accuracy 
and dynamical response of its estimation under 
transient conditions are highly influenced by phase 
jumps. An FLL, on the other hand, estimates the 
frequency of the input signal, which does not 

the current sample index;
the amplitude; 
the initial phase; 
the unknown frequency that can vary in time; 
the sampling period.

where j —
ρ —

ϕ0 —
ω —
τ —



Òåõíîëîãèÿ è êîíñòðóèðîâàíèå â ýëåêòðîííîé àïïàðàòóðå, 2013, ¹ 6
26

SIGNALS TRANSFER AND PROCESSING SYSTEMS

experience such sudden changes and can acquire 
and track signals which are at higher frequency 
offsets than a PLL can. A significant improvement 
of measurement ability in FLL is achieved by re-
ducing the parametric dimension of the problem. 

The general approach to designing the FLL is 
to adjust the output signal frequency to the refer-
ence signal frequency, which may be constant or 
changed by an unknown law. It is similar to the 
PLL, but a phase discriminator is replaced by FD 
(see Fig. 1).

There is also an open loop of an instantaneous 
frequency ω*x  estimation of the reference signal 
besides the closed loop and the ALPF of the ref-
erence signal. The digital harmonic output signal 
(u) with the desired frequency is generated by 
the CO, which is schematically shown in Fig. 2.

In order to approximate this model to real tech-
nical systems, it is considered that the dependence 
of CO on the control signal adjusting characteristic 
∆ϕj is nonlinear and generally can be represented 
by functional transformation

( ),G
j jϕ ϕ∆ ∆=I

where 
j

ϕ∆I  is an actual generator phase growth 
at j-th step.

The instantaneous frequency of the output 
signal equals 

/ .,u j j
ω ϕ τ∆= I

The current phase 
j

ϕI  of the output signal  

sinuj j
ϕ= I  is formed in the block Ф (see Fig. 2) 

as the sum of all phase growths between the ad-
jacent samples

.
j i

i

j

1
ϕ ϕ∆=

=

I I/

The CU considered in the paper (Fig. 3) is the 
simplest first order unit, which provides astatism 
by frequency. The corresponding mathematical 
model of the CU can be written as

,K K ,j l i x j
i

j

1
ϕ ω ω∆ ∆= + )

ω
=

/

Fast frequency discriminator
Frequency tracking speed in the FLL system 

is largely determined by the inertia of the FD. 
Usually the FD includes a mixer (multiplier) of 
two signals connected in series with a low pass 
filter [7] without direct frequency estimation. 
The fundamental need for a filter to isolate low-
frequency component leads to considerable inertia 
of a closed loop control. A transient process may 
exceed approximately ten cycles of the harmonic 
signal. Construction of the FD by zero-crossing 
digital method also reduces adjustment time be-
cause data appearance tempo is only half of the 
signal period. 

The problem of FLL performance improve-
ment is solved in this study by using a new FD, 
the block diagram of which is shown in Fig. 4. 
Instantaneous frequency estimates of reference and 
output signal are obtained independently in fast 
frequency estimation (f_FE) blocks. It also allows 
us to use the value of the instantaneous frequency 
estimation of the reference signal in the open loop 
control. Another considerable feature is absence of 
a filter in opposite to the classical FD.

Digital instantaneous frequency measurement 
receivers have been used for wideband monitor-
ing of radar environments in naval, airborne and 

gains of close and open control loops, 
respectively; Δ
the difference between instantaneous 
frequency estimates of the reference 
ω*

x,j and output ω*
u,j signals.

where Kl, Kω —

∆ωj —

Fig. 1. Proposed fast FLL structure

Fig. 2. Controlled oscillator block diagram

Fig. 3. Control unit structure

Fig. 4. The structure of the proposed fast frequency 
discriminator
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ground-based ESM-systems all over the world for 
over 50 years [8]. There are a lot of researches on 
algorithms improvement at present time, but they 
usually provide sufficient noise immunity only on 
condition of significant observation interval and 
can be based, for example, on Fourier and Hilbert 
transforms. It is necessary to use algorithms that 
can work with a short sample of signal, in par-
ticular, the one developed by authors of [6, 9].

These algorithms are based on an auto regres-
sion model of sine wave:

sn = asn–1– sn–2, , ,n M3=  a = 2cos(g),
where g is a phase shift between adjacent samples 
of the signal. This phase shift is named normal-
ized frequency. 

Auto regression model allows building the phase 
shift estimate:

( ) / ,arccos B x B x 2 2( )1 2
2!γ = +) ^`` h j j

where B x^ h is calculated in M-size running win-
dow as

0.5
( )

( ) –
.B x

x x x
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The next step is to select the value of g* located 
in the zone of the method unambiguity (0, p/2). 
And finally, the real frequency is calculated as

f *
s  = g*/(2pτ).
The single instantaneous frequency value at 

a certain point j of discrete time is calculated 
by f_FE algorithm on the basis of several (M in 
number) previous consecutive signal samples (the 
so-called “window”). The size of this window must 
be at least 4 samples. Larger window sizes in real 
systems increase stability in noise conditions.

For the current time j window models of ref-
erence and output signals, which are processed 
parallel in two f_FE blocks, can be written in a 
vector form:

Xj = {xj–M+1, xj–M+2, …, xj}, 

Uj = {uj–M+1, uj–M+2, …, uj}.

A model of the fast harmonic signal frequency 
discriminator can be written as

– , , .EE X U, , , ,j x j u j x j j u j jω ω ω ω ω∆ = = =) ) ) ) )
ω ω^ ^h h

Thus, sequential evaluation of the input proc-
ess instantaneous frequencies is performed by the 
f_FE in running window mode step by step for 
each point in discrete time.

The appearance of the proposed fast FD leads 
to a necessity of carrying out a specific research on 
the influence of open loop and adaptive filtration 
on effectiveness of frequency adjustment. Quality 

of the frequency adjustment is determined by the 
stability and duration of the transition process and 
steady-state error.

Because the fast FD is a nonlinear element, 
the behavior of the frequency closed loop control 
cannot be accurately described in the framework of 
classical control theory. Therefore, initial research 
of the f_FLL, as the new system, is implemented 
by computer simulation.

Open loop
First of all, it is necessary to point out 

that in case of linear adjusting characteristic  
(Kω ⋅ G(∆ϕj) ≡ 1), only the open loop is enough 
to carry out the frequency adjustment in an FLL-
system. Thus, close loop becomes unnecessary. 
So from now on we shall consider the nonlinear 
adjusting characteristic. As an example, we have 
chosen the following expression:

( ) ,/
j j

3 4ϕ ϕ∆ ∆=I

and the following general conditions for computer 
simulations: the reference signal frequency range 
is 25—400% of the nominal value of 1 MHz; 
sampling frequency 50 MHz (τ = 20 μs); running 
window size M=50, which corresponds to 1 cycle 
of the nominal signal.

Fig. 5 demonstrates acceleration of the tran-
sient process by the open loop when the closed 
loop gain is invariable Kl = 0.012. It should be 
noted, that this coefficient is almost proportional 
to the τ value.

The maximum value of the open loop gain 
Kw=0.9, with which the best result was obtained, 
is close to the stability boundary for the given 
frequency range (16-fold frequency variation). In 
different situations, the duration of the aperiodic 
transient process (up to 5% deviation level) is 3 to 
5 signal cycles. There is a possibility to shorten this 
time by simultaneously decreasing the frequency 
range by means of increasing Kw coefficient. It was 
found that nonlinearity of quadratic and square 
root functions leads to considerable dynamic range 
narrowing from the point of view of its stability.

Fig. 5. Transient processes of the fast FLL with an open 
loop for different Kw values:
   ⋅ ⋅ ⋅ ⋅ ⋅ 0;  ----- 0,5;        0,9
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Adaptive filtering 
The main disadvantage of the estimator [10] 

is its sensitivity to interferences (in particular 
higher harmonics) and noises, especially in low 
frequency range. It is reasonable to use preliminary 
filtering of input (reference) signal to reduce 
the influence of such factors [10—12]. It is the 
possibility to estimate the instantaneous frequency 
in the proposed fast FLL that allows the filter 
bandwidth adaptation to be carried out. It means 
that coefficients {aj}, {bj} of the transfer function 
Hj = Hb({bj})/Ha ({aj}) should be modified at each 
step j by filter synthesis laws

{aj} = ℑa(ω*x,j),  {bj} = ℑb(ω*x,j).

Hence, the bandwidth depends on the obtained 
frequency estimate. The adaptive filter as an ele-
ment of the fast FLL is shown in Fig. 6.

As the preliminary research has shown, it is 
preferable to use the first order Butterworth filter 
as a low-pass IIR due to the advantages of the 
former in operating speed and stability. Thus, it 
is this filter we focus on hereafter.

The first fundamental reason to use the filter is 
that it allows maintaining the maximum signal-to-
noise ratio (SNR) which can be reached because 
the filter cutoff frequency (fco) equals the signal 
frequency. This can be seen from the graph of the 
transient processes in Fig. 7 for SNR=10 dB. The 
figure clearly shows that the system is virtually 
inoperable with such noise level without the filter. 

Using the nonadaptive filter adjusted to nomi-
nal frequency significantly reduces the frequency 
tracking error for the low-frequency signal, but 
worsens the precision for the high-frequency signal 
by suppressing it. The adaptive filter decreases the 
tracking error for the low-frequency signal even 
more, and significantly improves precision for 

the high-frequency signal. Minor loss at nominal 
frequency, as compared to the non-adaptive filter, 
is caused by instantaneous frequency fluctuations 
and, respectively, cut-off frequency fluctuations. 
It should be noted, that the presence of the filter 
virtually does not delay the transient process of 
the frequency jump.

The second positive effect of the adaptive fre-
quency filtering is the suppression of higher har-
monics, which enables to perform error estimation 
of the main tone frequency of periodic nonsinusoi-
dal signals. This effect is considered further, on 
an example of a triangular signal without noise.

Fig. 8 shows transient processes of the system 
with and without filter. One can see that the 
adaptive filter provides a sufficiently higher pre-
cision of tracking of the first harmonic frequency 
of the triangular signal. Fig. 9 shows a fragment  
of tracking of the output sinusoidal signal to the 
triangular reference signal. As can be seen from 
the figure, the thansient process lasts no more than 
two cycles of lower frequency signal.

Properties of the frequency estimation 
algorithm with pre-filtering

Above mentioned positive features of the new 
FLL first of all depend on the precision of the 
frequency estimation of the disturbed reference 
signal. Therefore, the behavior of pre-filter and 
estimator as a pair must be analyzed in more detail 
for different input processes.

Fig. 6. Adaptive filter 
structure
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Frequency estimation errors in the presence  
of the harmonic interference 

The appearance of an additional harmonic ξ 
with different frequency fξ and power Pξ consid-
erably decreases the estimation accuracy because 
the algorithm does not have any filtering proper-
ties. Fig. 10 shows the graph of the estimation 
mean which depends on the frequency ratio and 
the signal to interference power ratio mf(fξ/fS, 
Pξ/PS) when the noise is absent. Estimations 
randomness is caused by randomization of the 
signal and the interference initial phases and the 
standard deviation lies within 9% zone relative 
to the nominal frequency. The obtained surface 
of the estimation mean mf(⋅) is characterized by 
smoothness, and one-dimensional dependencies  
mf (fξ/fS)  at Pξ/PS = const are characterized by 
high enough linearity.

It was found that frequency estimations are 
virtually independent of the window size and the 
sampling frequency, if such frequency is much 
higher than fS and fξ.

It should be noted, that in this situation there 
is no point in studying the pre-filtering, because 
it is quite enough to determine the signal to in-
terference power ratio from amplitude-frequency 
characteristic of the filter and directly address the 
function mf(fξ/fS, Pξ/PS).

Influence of frequency deviation  
on estimation precision

In the case of the locally non-stationary signal, 
when its actual instantaneous frequency (IF) is 
significantly varied within a single window, the 
estimation depends on the variation degree. For 
example, in the case of the linear deviation, the 
frequency estimation approximately equals to the 
medium value between the initial (fb) and the 
final (fe) frequencies of the window:

f* = (fb + fe )/2 + ∆f*.

The character of deviation ∆f* is shown in 
Fig. 11. The charts for each window size (8, 16, 
32, 64) are different because of the difference in 
phase distances between the samples.

Reasonability of the input signal pre-filtering
In actual practice, the correlative noise proc-

ess is formed by pre-filtering before using the 
frequency estimation algorithm. An input pa-
rameter for research is the signal-to-noise ratio 
SNR = Ps/s2

g, where s2
g is the variance of the 

additive white Gaussian noise.
The graph of the estimation mean (Fig. 12) 

for the 1st order low-pass filter (LPF) shows a 
sufficiently larger working area near nominal fre-
quency in comparison to the case, when the LPF 
is not used. 

This can also be confirmed by the mean square 
error (MSE) of frequency estimation (Fig. 13, a). 
The surface is characterized by the reduction of the 
argument of the MSE function minimum, while 
SNR is increasing. This means that greater signal 
suppression by the filter is allowed.

Some decrease of the error mean can be achieved 
by reducing the sampling frequency and the 
number of samples in the window. But we must 
remember that reducing the number of samples 
generally causes the increase of the MSE.

The 2nd order LPF can be considered as more 
efficient in use. The MSE surface for such filter 
is shown in Fig. 13, b. Such MSE value, in com-
parison to Fig. 13, a, decreases 2 to 3 times at the 

Fig. 10. Estimation mean for the harmonic interference
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points of optimum, but if the cutoff frequency fco 
is less than 0.7fS, the MSE increases much sharper.

The application of a band-pass filter allows us 
to further reduce the MSE at optimal points, but 
requires a precise coordination of frequency tuning 
to a range of possible signal frequencies. According 
to research results for the 1st order band-pass filter 
with a 20% bandwidth, the prior uncertainty range 
should not exceed 0.8—1.2 relative to the true 
frequency value.  When the 2nd order filter is used 
or the bandwidth is narrower, the requirements 
for prior knowledge become stricter.

Improvement of non-harmonic signals 
estimation

As it was mentioned earlier, pre-filtering is 
also useful for estimation of frequency of periodic 
non-harmonic signals, the main feature of which 
is presence of higher harmonics. For example, the 
MSE surface of estimation of square wave fre-
quency after the 1st order LPF is shown in Fig. 14.

As it can be seen, there is a gradual shift of 
fco

opt towards zero, due to the negative value of the 
second derivative of response of the LPF in the 
high frequency range. Without pre-filtering the 
errors of square wave frequency estimation (even 
without the noise) exceed 50%, which proves the 
reasonability of application of pre-filtering.

It was found that the value of the MSE for 
trapezoidal signals (which have much smaller 
harmonics), decreases 4—6 times in comparison 
to the meander.
Detection of the signal frequency modulation

A great feature of the algorithm is a sufficiently 
accurate estimation at intervals (windows) equal 
to a period of the signal [6] and even at a half 
period when the noise level is low, which brings 
us nearer to the actual IF and provides the oppor-
tunity to observe its modulation over time. This 
property is investigated on the example of a linear 
frequency-modulated (LFM) signal processing with 
pre-filtering by the 1st order LPF. The results of 
measuring the IF of such signal with the frequency 
that varies from 0.9 to 1.8 MHz during the time 
interval of 10 ms with the sampling frequency of  
16 MHz are shown in Fig. 15. The MSE is obtained 
by averaging of differences at each signal sample. 

Conclusions
The application of the new frequency discrimi-

nator with an estimation of instant frequencies of 
reference and generated signals allows adding to 
the FLL-system an adaptive filter of the reference 
signal and an open regulation contour. Small lag-
ging of blocks of the instant frequency estimation 
and the open regulation contour provide fast fre-
quency tracking. The speed of a transient process 
reaches 3 to 5 cycles of a signal. The adaptive 
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pre-filtering allows increasing the signal to inter-
ference ratio at FLL-system input and improves 
the accuracy of frequency tracking. The applica-
tion of the 2nd order band-pass pre-filter is only 
reasonable for a small prior frequency ambiguity 
range (not more than 20%), while in other cases 
the 1st order low-pass filter is more preferable.
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ШВИÄÊЕ ВІÄСЛІÄÊОВÓВАННЯ ЧАСÒОÒИ
Пðîïîíóєòьñÿ мåòîд âідñëідêîâóâàííÿ чàñòîòè ïåðіîдèчíîãî ñèãíàëó. Підâèщåííÿ òîчíîñòі ïідëàшòóâàííÿ 
чàñòîòè дîñÿãàєòьñÿ зàâдÿêè âèêîðèñòàííю íîâîãî шâèдêîãî чàñòîòíîãî дèñêðèміíàòîðà íà îñíîâі îціíîê 
мèòòєâîї чàñòîòè. Òàêîж дîâîдèòьñÿ дîціëьíіñòь ïîïåðåдíьîї фіëьòðàції âõідíîãî ñèãíàëó ó âèïàдêó íåëі-
íіéíèõ ñïîòâîðåíь, ãàðмîíічíèõ зàâàд òà ñèëьíîãî шóмó.

Ключові слова: ФАПЧ, швидкість, оцінювання частоти, завада, адаптивний фільтр, розімкнений контур.
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БЫСÒРОЕ ОÒСЛЕЖИВАНИЕ ЧАСÒОÒЫ
Предлагается метод отслеживания частоты периодического сигнала. Повышение точности подстрой-
ки частоты достигается благодаря использованию нового быстрого частотного дискриминатора на базе 
оценок мгновенной частоты. Также доказывается целесообразность предварительной фильтрации вход-
ного сигнала в случае нелинейных искажений, гармонических помех и сильного шума.

Ключевые слова: ФАПЧ, скорость, оценивание частоты, помеха, адаптивный фильтр, разомкнутый 
контур.
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SUBSURFACE AND THROUGH-WALL SAR IMAGING 
TECHNIQUES FOR GROUND PENETRATING RADAR

In the last decades, ground-penetrating radar 
(GPR) has become a leading non-destructive 
testing (NDT) technology for the detection, 
identification, and imaging of subsurface artifacts, 
abnormalities, and structures such as pipes, mines, 
gaps, water channels, oil wells, tunnels, and 
roads. It has a very broad range of applications, 
including geophysics, hydrogeology, archeology, 
mine detection, civil engineering, transportation, 
security and remote sensing [1—4]. GPR perform-
ance is associated with the electrical and magnetic 
properties of local soil and buried targets as well 
as with implementation of the GPR hardware and 
software. The frequency band of the GPR signal 
is the key factor for the detection performance. 
Higher frequencies are needed for better resolu-
tion, nevertheless lower frequency bands are pre-
ferred to detect something buried too deep due to 
the dramatically increased wave attenuation in the 
soil with increasing frequency. Thus, ultra-wide 
band (UWB) GPR systems that transmit short 
impulse signals are proposed primarily to benefit 
from both low and high frequencies [5]. 

The impulse durations can vary from a few na-
noseconds to a hundred picoseconds corresponding 
to a broad spectrum from 100 MHz to 10 GHz. 
It can be extended up to 15 GHz for stepped-
frequency GPR systems, which may use microwave 
tomography methods for high resolution imaging 
[6]. Therefore, the stepped-frequency (SF) tech-
nique offers some distinct signal processing bene-
fits compared to the time-domain GPR systems, 

This paper presents some useful signal processing and synthetic aperture radar imaging techniques for 
ultra-wide band (UWB) ground penetrating radar. Novel UWB antenna structures are experimentally 
designed in this work. Raw and processed data collected in the course of experimental studies of 
subsurface sensing and through-wall imaging scenarios are demonstrated in B-scan and C-scan target 
images.

Keywords: ground penetrating radar, synthetic aperture radar, subsurface imaging, radar signal 
processing.

such as higher dynamic range and more effective 
control of the source frequency spectrum. Apart 
from increased resolution and increased depth 
of penetration, the signal spectrum received by 
SF-GPR provides the advantage of reading the 
real and phase parts, which can be made use of 
in analyzing subtle and complex inhomogenei-
ties, particularly when carrying out tomographic 
inversion [7]. 

The subsurface target detection and imaging 
performances of the GPR depend significantly on 
the convenient design of UWB transmitter and 
receiver (T/R) antennas to radiate efficiently the 
GPR impulse signal into the buried or concealed 
target [8]. The antennas must have a flat, high-
directivity gain, a narrow beam, and low side lobe 
and input reflection levels over the operational 
frequency band to reach the largest dynamic range, 
best focused illumination area, lowest level of T/R 
antenna coupling, reduced ringing, and uniformly 
shaped impulse radiation.

Synthetic aperture radar (SAR) is a well-
known technique which uses signal processing to 
improve the resolution beyond the limitation of 
physical antenna aperture [9]. In SAR, forward 
motion of actual antenna is used to ‘synthesize’ a 
very long antenna. SAR allows the possibility of 
using longer wavelengths and still achieving good 
resolution with antenna structures of reasonable 
size. SAR is very useful over a wide range of ap-
plications, including sea and ice monitoring, min-
ing, oil pollution monitoring, oceanography, snow 
monitoring, classifcation of earth terrain etc. [10].

In this study, a UWB SF-GPR system sce-
nario is designed and realized by Rohde Schwarz 
ZVL-13 network analyzer. The network analyzer 

This work was supported by grant 110E222 of TUBITAK (The 
Scientific and Technological Research Council of Turkey) 
research fund.
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sweeps a wide signal band between 10 MHz and 
15 GHz with 201 frequency steps. The continuous 
SF method is applied. The UWB transmitter and 
receiver antennas designed for this GPR system 
are the partial dielectric loaded transverse electro-
magnetic (TEM) fed ridged horn (PDTEM-RH) 
and Vivaldi shaped TEM horn (PDVA). Due 
to GPR data collecting process for B-scan plots 
requires simultaneous measurements, Basic macro 
codes are evaluated for data acquisition from the 
network analyzer to the PC. Moreover, by using 
the constructed SAR scenario, B-scan and C-scan 
images of subsurface and back wall objects with 
better resolution are exhibited in figures.

Antenna systems and measurements
The PDTEM horn, PDVA horn and array com-

binations have been introduced by A. S. Turk as 
efficient UWB impulse radiators operating from 
150 MHz up to 10 GHz [11—14]. In this work, 
novel TEM and ridged horn antenna versions, 
which are operating in the frequency band of 
400 MHz — 18 GHz, were designed with enhanced 
gain and VSWR performances. The measurement 
bandwidth is 10 MHz – 15 GHz. The antenna 
gain is sufficiently high and almost stable over 
the wide band. Instead of using dielectric aperture 
filling methods (i. e. hemispherical lenses) that 
increase the physical dimensions and weight of 
the antenna, the partial dielectric lens loading has 
been proposed for TEM horn and double-ridged 
horn antenna (DRHA) models to improve the gain 
performance and to eliminate radiation pattern 
deterioration without significant changes on the 
antenna sizes and weight.

It is shown that PDTEM and PDTEM-RH 
designs are highly suitable for multi-band GPR 
operations, due to advantages of up to 10 dB 
enhanced gain performances (in comparison with 
standard RH) over 1:40 bandwidth ratio.

Data acquisition and simultaneous test 
measurement

This study is devoted to data transfer from the 
network analyzer to the PC, signal processing tech-
niques for transferred data, and post-processing by 
SAR algorithms. The network analyzer is set up 
for instantaneous measurement. However, B-scan 
GPR process requires simultaneous measurement. 
Thus, desired simultaneous measurements are col-
lected by “for loop” written in Basic macro code. 
The measurement number is defined as 200. Also, 
the time interval between the simultaneous meas-
urements is implemented by “sleep” command. 
This interval is set to 50 milliseconds.

An indoor test pool facility consisting of a wood 
box filled with dry soil has been constructed at our 
microwave research laboratory. The dimensions of 
the soil pool are 3.2×1.2×0.3 meters. The transmis-
sion coefficient S21 is measured by the network 
analyzer over the operational band. For B-scan 
and C-scan images data, S21 must be dependent 

on time. Therefore, the inverse Fourier transform 
of S21 is applied to obtain matrix

T = ifft(S21). (1)

The mathematical representation of “ifft” com-
mand is given as

–
,expT
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N
jkn1 2–

n

N

21
0

1 π
=

=
/

 
(2)

where k represents the sampled points in the 
time domain, n represents the sampled points in 
the frequency domain, and N is the number of 
sampled points.

The background signal can be considered as a 
calibration or the reference signal for amelioration 
of the image of collected data. This signal consists 
of the direct pulse from transmitting and receiving 
antennas, ringing from the antennas, and clutter 
from other objects (not targets) that reflect the 
electromagnetic energy within the antenna beam 
width. The clutter can be minimized by using 
lower band radiator antennas. Nevertheless, this 
case will degrade the image resolution, which will 
cause hard-recognition of small buried objects. To 
reduce the clutter effect on B-scan plot, the refer-
ence signal is collected at the non-target position 
of the soil pool. If the transmission coefficient 
S21 dependent on time is symbolized by a, then 
background removed A-scan signal is calculated as
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(3)

aBR (z) = a (z) – aB (z), (4)

where aB represents the non-target background 
signal; ai is each A-scan data obtained from initial 
clear region and N is its number, and aBR cor-
responds to background removed A-scan signal. 

Then, the absolute of background removed 
T matrix is plotted by “surface” command and 
B-scan image is obtained:

B = |T|. (5)

As shown in Fig. 1, the test measurement system 
of SF-GPR uses PDVA horn shown in Fig. 2 as 

Fig. 1. Measurement set up with network analyzer
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T/R antenna head. A typical metal plate separa-
tor is used for shielding between antennas so that 
coupling signal reduced. Buried objects scenario 
is given at Table 1. Measurement results of the 
B-scan data are plotted in Fig. 3, а, which can be 
seen successfully on the parabolas of the buried 
objects.

The reference signal is collected at the start 
point of the soil pool, although there can be slight 
differences between start and stop locations be-
cause of the heterogeneity of the soil. Fig. 3, а 
shows that four different types of objects can be 
detected clearly, and it is observed that metal plate 
reflects more signal as compared to other objects.

Another graphical representation of determin-
ing of position of the object is cumulative distri-
bution, which represents the sum of vertical data 
changes on B-scan measurement data. As shown 
in Fig. 4, there are four peak points, which cor-
respond to the correct cross-range positions of 
the buried objects. On the other hand, the com-
pressed sensing technique is applied to collected 
data and four parabolas in Fig. 3, b are obtained 
more clearly than the image in Fig. 3, a. Obtained 
B-scan image by impulse GPR is given in Fig. 3, c.

For SAR test scenario, four objects (U-shaped 
metal strip, metal plate, water glass and dielectric 
plate) are buried as defined in Table 2. The operat-
ing principle scheme of fictive antenna array for 
SAR algorithm is shown in Fig. 5.

To obtain SAR beam of antenna at each scan 
point, a balance phase term is added to S21 pa-

Fig. 2. Vivaldi shaped TEM horn design

Table 1
Test scenario of the buried objects

Parameters
Buried objects

Plastic 
pipe

Water 
pipe

Metal 
sheet

Glass 
(bottle)

Distance to 
reference 
point, cm

60 120 180 240

Depth, cm 3 3 3 3

Position Vertical Horizontal Horizontal Vertical

a)

b)

c)

Fig. 3. B-scan measurement:
a — background removed; b — compressed sensing; 

c — data with impulse GPR
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Fig. 4. Cumulative distribution of the buried objects

Table 2
Test scenario of SAR

Parameters
Buried objects

U-shaped 
metal strip

Metal 
plate

Water 
glass

Dielectric 
plate

Size, cm 20×30 10×10 6×20 10×12
Distance to 
the reference 
point, cm

80 150 184 220

Depth, cm 1 15 1 2

Position Horizontal

Horizontal distance, cm
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rameter depending on the distance from location 
of nth antenna to target point given as

( ) ,R H ndn T
2 2= +  (6)

where HT
2  and d are vertical distance from location 

of reference antenna to target point and distance 
between antennas, respectively. 

Difference between the distance from location 
of each antenna to the target point and the distance 
from location of reference antenna to the target 
point is given as

DRn = Rn–HT. (7)

Then, SAR effect to S parameter can be cal-
culated as

( ),expS S jk RSAR n
n

N

21 21
1
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(8)

where k and N are the wave number and the 
number of antennas, respectively.

Also, SAR length of this process is calculated as

LSAR = Nd. (9)

Three slices obtained from C-scan structure are 
given in Fig. 6. In this figure, the buried objects 
are clearly visible. Since the location of metal 
plate is deeper than the other objects and the soil 

has high loss, the reflection from the metal plate 
is seen lower than U-shaped strip.

The other SAR application of our work is in-
vestigation of body model behind the brick wall. 
This target object model is shown in Fig. 7. The 
width of the wall is 50 cm. The distance from the 
wall to the target is 60 cm. The wall is almost 
homogeneous.

The C-scan slices of through-wall imaging SAR 
operation are given in Fig. 8. In this figure, it is 
seen that there is no object on near zone of the 
back wall, and the target body model behind the 
wall is clearly visible. The head and the trunk of 
body model can be seen in Fig. 9. It is seen that 
through-wall imaging SAR operation gives better 
resolution than the conventional GPR operation.

Conclusion
The target detection and signal processing 

performances of the ground penetrating radar are 
presented by using novel UWB partial dielectric 
loaded horn designs. The subsurface and through-
wall imaging of the buried target objects are 

R2

d

R1 R3 R4 Rn–2 Rn–1 Rn

Target

HT

Fig. 5. Operating principle of fictive antenna array on 
SAR progress

Fig. 6. SAR images for four buried objects 
(see in color on page 3 of the cover)

d1 = 28 cm

d3 = 21 cm

d2 = 65 cm

Fig. 7. Body model for TWI SAR operation

Fig. 8. C-scan slices of TWI SAR images
(see in color on page 3 of the cover)

Fig. 9. Slices for the head and the trunk of the model
(see in color on page 3 of the cover)
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demonstrated by using adaptive signal processing 
techniques in our GPR test scenario. It is shown 
that background removal, compressed sensing and 
SAR techniques provide enhanced resolution for 
imaging objects at different depths using novel 
antenna designs. 
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МЕÒОДИ ОÒРИМАННЯ РСА-ЗОБРАЖЕНЬ  
ЗАХОРОНЕНИХ ОБ’ЄКÒІВ ДЛЯ ГЕОРАДАРА

У статті представлено методи обробки сигналу та отримання зображень за допомогою 
радіолокаційного синтезування апертури (РСА) для надширокосмугового (НШС) георадара. 
Запропоновано нові НШС-антенні структури. Результати експериментального дослідження 
методів підповерхневого зондування об'єктів, що знаходяться під землею і за стіною, представлені 
у вигляді зображень, отриманих В- та С-скануванням.

Ключові слова: георадар, радіолокатор з синтезованою апертурою, підповерхневе отримання зобра-
жень, обробка радіолокаційного сигналу.
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МЕÒОДЫ ПОЛУЧЕНИЯ РСА-ИЗОБРАЖЕНИЙ  
ЗАХОРОНЕННЫХ ОБЪЕКÒОВ ДЛЯ ГЕОРАДАРА

В статье представлены методы обработки сигнала и получения изображений при помощи радиолока-
ционного синтезирования апертуры (РСА) для сверхширокополосного (СШП) георадара. Предложены 
новые СШП-антенные структуры. Результаты экспериментального исследования методов подповерх-
ностного зондирования объектов, находящихся под землей и за стеной, представлены в виде изображе-
ний, полученных В- и С-сканированием.

Ключевые слова: георадар, радиолокатор с синтезированной апертурой; подповерхностное получение 
изображений, обработка радиолокационного сигнала.
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ЭÊСПЛÓАÒАЦИОННЫЕ ПОÊАЗАÒЕЛИ ÊАЧЕСÒВА 
ÒРАНСПОРÒНОЙ ÒЕЛЕÊОММÓНИÊАЦИОННОЙ 
ПЕРВИЧНОЙ СЕÒИ ÓÊРАИНЫ

Зàдàчà îбåñïåчåíèÿ íàдåжíîñòè êàбåëьíîé 
òåõíèêè âêëючàåò â ñåбÿ шèðîêèé êðóã âîïðî-
ñîâ, ñâÿзàííыõ ñ ïðîåêòèðîâàíèåм, ñòðîèòåëь-
ñòâîм è òåõíèчåñêîé ýêñïëóàòàцèåé, à òàêжå 
ðàзðàбîòêîé è ïðîèзâîдñòâîм åå ýëåмåíòîâ. В 
ïåðâóю îчåðåдь ýòî îòíîñèòñÿ ê âîëîêîííî-
îïòèчåñêèм ëèíèÿм ñâÿзè (ÂÎËÑ) [1].

Рàñчåò ïàðàмåòðîâ íàдåжíîñòè ïðîåêòèðóå-
мыõ ВОЛС ñòàíîâèòñÿ âîзмîжíым íà îñíîâå 
ñбîðà è îбðàбîòêè ýêñïëóàòàцèîííыõ ñòàòèñòè-
чåñêèõ дàííыõ î âðåмåíè, дëèòåëьíîñòè, êîëè-
чåñòâå, õàðàêòåðå è ïðèчèíàõ ïîâðåждåíèé дåé-
ñòâóющèõ ëèíèé. Эòè дàííыå ïîзâîëÿюò óñòàíî-
âèòь ñðåдíåñòàòèñòèчåñêèå ýêñïëóàòàцèîííыå ïî-
êàзàòåëè êàчåñòâà ВОЛС: ïëîòíîñòь ïîâðåждå-
íèé, èíòåíñèâíîñòь îòêàзîâ, ñðåдíåå âðåмÿ âîñ-
ñòàíîâëåíèÿ ñâÿзè tâ ñð è ñðåдíåå âðåмÿ ïîëíî-
ãî âîññòàíîâëåíèÿ ñâÿзè tïâ ñð.

В ðÿдå ðàбîò, íàïðèмåð [1—4], îбîñíîâàíы 
ïîдõîды ê îïðåдåëåíèю ñòàòèñòèчåñêèõ ïîêà-
зàòåëåé êàчåñòâà ðàбîòы âîëîêîííî-îïòèчåñêèõ 
ëèíèé ñâÿзè. В чàñòíîñòè, â [1] ïðèâåдåíы 
ñòàòèñòèчåñêèå ïîêàзàòåëè íàдåжíîñòè òðàíñ-
ïîðòíîé ïåðâèчíîé ñåòè Äîíåцêîé, Одåññêîé 
òà Льâîâñêîé îбëàñòåé зà дåñÿòèëåòíèé ïåðè-
îд ýêñïëóàòàцèè.В ðàбîòå [2] ïðèâåдåíы ñòà-
òèñòèчåñêèå дàííыå õàðàêòåðèñòèê íàдåжíî-
ñòè зà ïÿòèëåòíèé ñðîê ýêñïëóàòàцèè ïîдзåм-
íыõ ВОЛС íà бàзå бðîíèðîâàííыõ è íåбðîíè-
ðîâàííыõ îïòèчåñêèõ êàбåëåé òðàíñïîðòíîé òå-
ëåêîммóíèêàцèîííîé ïåðâèчíîé (ÒÒÏ) ñåòè ñâÿ-
зè Óêðàèíы, à òàêжå Äîíåцêîé è Лóãàíñêîé îб-
ëàñòåé ñ 2001 ãîдà ïî 2005 ãîд. В [2] óêàзàíî, 
чòî ýòè дàííыå âîзмîжíî èñïîëьзîâàòь â ïåð-
âîм ïðèбëèжåíèè дëÿ ðàñчåòà ýêñïëóàòàцèîí-
íыõ ïîêàзàòåëåé êàчåñòâà ðàбîòы ïîдзåмíыõ 
ВОЛС Äîíåцêîé, Лóãàíñêîé îбëàñòåé è âñåé 
Óêðàèíы â цåëîм. Одíàêî, дîñòîâåðíîñòь ýòèõ 
ñòàòèñòèчåñêèõ ýêñïëóàòàцèîííыõ ïîêàзàòåëåé 

Приведены статистические данные о количестве, причинах и характере повреждений подземных 
волоконно-оптических линий связи, которые являются основой транспортной телекоммуникаци-
онной первичной сети на примере Донецкой и Луганской областей за период с 2001 по 2010 годы. 
Сравнение значений этих характеристик со значениями аналогичных параметров за 2001—2005 гг. 
позволяет разработать рекомендации по повышению надежности телекоммуникационных сетей. 

Ключевые слова:  волоконно-оптическая линия связи, транспортная телекоммуникационная первич-
ная сеть, эксплуатационные показатели качества работы, статистические данные.

êàчåñòâà ðàбîòы, êîòîðыå õàðàêòåðèзóюò íà-
дåжíîñòь ВОЛС, íå ÿâëÿюòñÿ îêîíчàòåëьíымè 
è íóждàåòñÿ â óòîчíåíèè [1, 2]. Êðîмå òîãî, â 
èзâåñòíîé àâòîðàм ëèòåðàòóðå îòñóòñòâóюò èñ-
õîдíыå мàòåðèàëы дëÿ ðàñчåòà ýêñïëóàòàцèîí-
íыõ ïîêàзàòåëåé êàчåñòâà ðàбîòы êàбåëьíыõ 
ВОЛС Óêðàèíы.

Пîýòîмó цåëью íàñòîÿщåé ðàбîòы ÿâëÿåòñÿ 
ïîëóчåíèå бîëåå дîñòîâåðíыõ èñõîдíыõ дàííыõ 
дëÿ ðàñчåòà ïîêàзàòåëåé êàчåñòâà ðàбîòы ïîд-
зåмíыõ ВОЛС íà îñíîâå îбðàбîòêè ñòàòèñòèчå-
ñêèõ дàííыõ îб ýêñïëóàòàцèè òðàíñïîðòíîé òå-
ëåêîммóíèêàцèîííîé ïåðâèчíîé ñåòè Óêðàèíы 
íà ïðèмåðå Äîíåцêîé è Лóãàíñêîé îбëàñòåé зà 
ïåðèîд ñ 2001 ïî 2010 ãîды.

Äëÿ чèñëåííîãî âыðàжåíèÿ íàдåжíîñòè ВОЛС 
èñïîëьзóюò ðàзíîîбðàзíыå õàðàêòåðèñòèêè, ñîâî-
êóïíîñòь êîòîðыõ ïîзâîëÿåò íàèбîëåå ïîëíî îцå-
íèòь åå íàдåжíîñòь êàê ñèñòåмы èëè îïòèчåñêîãî 
êàбåëÿ (ÎÊ) êàê èздåëèÿ. Нàдåжíîñòь êàбåëьíîé 
ëèíèè ïðè ýêñïëóàòàцèè зàâèñèò îò êàчåñòâà íå 
òîëьêî êàбåëÿ, íî òàêжå è âñåõ дðóãèõ óñòðîéñòâ 
è ýëåмåíòîâ, êîòîðыå âõîдÿò â åå ñîñòàâ [1—3]. 

Рàзíîîбðàзèå óñëîâèé мåñòíîñòè, ãдå ïðîõî-
дèò òðàññà ВОЛС, ïðèâîдèò ê íåîбõîдèмîñòè 
ïðèмåíåíèÿ íà îòдåëьíыõ åå óчàñòêàõ ðàзíыõ 
êîíñòðóêцèé îïòèчåñêîãî êàбåëÿ è ðàзíыõ мå-
òîдîâ åãî ïðîêëàдêè. Пîýòîмó ïðè îцåíêå íà-
дåжíîñòè ОÊ, â зàâèñèмîñòè îò мåñòà ïðîêëàд-
êè, êàбåëè ãðóïïèðóюò ïî òèïàм: бðîíèðîâàí-
íыå, êîòîðыå ïðîêëàдыâàюòñÿ íåïîñðåдñòâåííî 
â ïîчâå èëè â êàбåëьíîé êàíàëèзàцèè, è íåбðî-
íèðîâàííыå, êîòîðыå ïðîêëàдыâàюòñÿ â ñóбêà-
íàëå êàбåëьíîé êàíàëèзàцèè [1, 2].

Иíòåíñèâíîñòь îòêàзîâ ïðè ïîâðåждåíè-
ÿõ èëè àâàðèÿõ ВОЛС íà 1 êм òðàññы зà 1 чàñ 
îïðåдåëÿåòñÿ ïî âыðàжåíèю [3, ñ. 44; 5, ñ. 515] 

,m
8760 100$

λ =
                                        (1)
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ãдå m — ïëîòíîñòь îòêàзîâ (ïîâðåждåíèé èëè 
àâàðèé) ВОЛС, ïðèõîдÿщàÿñÿ íà 100 êм òðàññы 
â ãîд (8760 — êîëèчåñòâî чàñîâ â ãîдó).

В ñîîòâåòñòâèè ñ [3, ñ. 37; 5, ñ. 514] 

m
L
N 100$= ,                                           (2)

ãдå N — êîëèчåñòâî îòêàзîâ íà ВОЛС íà ïðîòÿжå-
íèè ãîдà;

L — дëèíà ëèíèè â êèëîмåòðàõ.

С óчåòîм ýòîãî фîðмóëó (1) ïðåдñòàâèм â 
âèдå

.
L

m
8760

λ =  (3)

Сðåдíåå âðåмÿ âîññòàíîâëåíèÿ ñâÿзè îïðåдå-
ëÿåòñÿ êàê [3, ñ. 36]

,t
N

t1
â ñ âp i

i

N

1
=

=
/                                          (4)

ãдå tâi — âðåмÿ âîññòàíîâëåíèÿ ñâÿзè ïðè і-м ïî-
âðåждåíèè (àâàðèè);

N — êîëèчåñòâî îòêàзîâ íà ВОЛС â òåчåíèå зà-
дàííîãî âðåмåíè.

Аíàëîãèчíî îïðåдåëÿåòñÿ è ñðåдíåå âðåмÿ 
ïîëíîãî âîññòàíîâëåíèÿ ñâÿзè tïâ ñð.

Нàмè ïðîàíàëèзèðîâàíы ñòàòèñòèчåñêèå дàí-
íыå î êîëèчåñòâå ïîâðåждåíèé ïî мåñÿцàм òðàíñ-
ïîðòíîé òåëåêîммóíèêàцèîííîé ïåðâèчíîé ñåòè 
Äîíåцêîé è Лóãàíñêîé îбëàñòåé Óêðàèíы зà ïå-
ðèîд ñ 2001 ïî 2010 ãîд ñ óчåòîм [2, 3]. Эòîò àíà-
ëèз ïîêàзàë, чòî ïî ñðàâíåíèю ñ 2001—2005 ãã. 
â ïåðèîд ñ 2006 ïî 2010 ãã. êîëèчåñòâî ïîâðåж-
дåíèé â âåñåííå-ëåòíèé ïåðèîд óâåëèчèëîñь íà 
72 %, à â îñåííå-зèмíèé — íà 42 % (табл. 1). 

Сëåдóåò îòмåòèòь, чòî â íàñòîÿщåå âðåмÿ â 
Óêðàèíå åщå íå â ïîëíîé мåðå ñëîжèëàñь ïðàê-
òèêà îцåíêè дîëè îòêàзîâ ВОЛС â îбщåм чèñ-
ëå ïîâðåждåíèé ÒÒП. Эòî â зíàчèòåëьíîé ñòåïå-
íè îбъÿñíÿåòñÿ, ñ îдíîé ñòîðîíы, ñðàâíèòåëьíî 
ïîздíèм âíåдðåíèåм ВОЛС â òðàíñïîðòíîé òå-
ëåêîммóíèêàцèîííîé ñåòè Óêðàèíы è быñòðым 
òåмïîм ýòîãî ïðîцåññà, à ñ дðóãîé, òðóдîåмêî-
ñòью ðàбîò ïî ñбîðó, îбðàбîòêå è àíàëèзó ýêñ-
ïëóàòàцèîííыõ ñòàòèñòèчåñêèõ дàííыõ [2].

Нàбëюдåíèå зà ïðèчèíàмè îòêàзîâ ïîдзåмíыõ 
ВОЛС òðàíñïîðòíîé ñåòè ïîêàзàëî, чòî íàèбîëь-
шåå чèñëî îòêàзîâ ïðîèñõîдèò â ðåзóëьòàòå дåé-
ñòâèé зëîóмышëåííèêîâ (рис. 1).

Нà îñíîâå ñòàòèñòèчåñêèõ дàííыõ, ïîëóчåí-
íыõ зà 10 ëåò ýêñïëóàòàцèè, ïî âыðàжåíèÿм (2) 
è (4) быëè îïðåдåëåíы зíàчåíèÿ ýêñïëóàòàцè-
îííыõ ïîêàзàòåëåé êàчåñòâà ВОЛС òðàíñïîðò-
íîé ïåðâèчíîé ñåòè, ðåàëèзîâàííîé íà êàбåëÿõ 
òèïà ОÊЛБã è ОÊЛ, â Äîíåцêîé è Лóãàíñêîé 
îбëàñòÿõ. Нà рис. 2 ïðåдñòàâëåíы ãðàфèêè èõ 
èзмåíåíèÿ ïî ãîдàм, à òàêжå ñðåдíèå зíàчåíèÿ, 
ðàññчèòàííыå дëÿ ðàзíыõ ïåðèîдîâ âðåмåíè 
(2001—2005, 2006—2010, 2001—2010 ãã.). 

Нà рис. 3 ïîêàзàíî ïðîцåíòíîå ñîîòíîшåíèå 
êîëèчåñòâà ïîâðåждåíèé ВОЛС ñ ðàзëèчíымè òè-
ïàмè ОÊ è óñëîâèÿмè èõ ïðîêëàдêè â Äîíåцêîé 
è Лóãàíñêîé îбëàñòÿõ зà ïåðèîды 2001—2005 è 
2001—2010 ãã. Êàê âèдíî, â îбåèõ îбëàñòÿõ дîëÿ 

Òàбëèцà 1 
Распределение по месяцам количества  повреждений 
сети с прерыванием связи в Донецкой и  Луганской 

областях за 2001—2010 гг.
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Äîíåцêàÿ îбëàñòь

2001 — — — — — — 1 — — — — —
2002 — — — 1 — — — — — — — —
2003 — — — — — — — — — — — —
2004 — — — — — — 1 — — — — —
2005 — — — — — — — 1 1 — — —
2006 — — — 1 — — 1 — — — — —
2007 — — — — — — 2 3 — — — —
2008 — — — — — — 1 1 — 1 — —
2009 — — — — — 2 — 1 1 — — —
2010 — — — — — — — — 1 1 1 —

Лóãàíñêàÿ îбëàñòь

2001 — 1 1 1 — — — — — — — —
2002 1 — — — — — — — — — 1 —
2003 — — — 1 — 2 — — — 1 — —
2004 — — — — — 1 1 — — — — 1
2005 — — — — — — — — — — 1 —
2006 — — — — — — — — — — — —
2007 — — 1 — — — — — — — — —
2008 — — — — — 1 1 — — 1 — —
2009 — — 2 — 1 — — — 1 1 — —
2010 — — — 1 — — — — — — 2 —

Рèñ. 1. Пðîцåíòíîå ñîîòíîшåíèå êîëèчåñòâà ïîâðåж-
дåíèé ВОЛС ÒÒП ñåòè ñâÿзè зà ñчåò дåéñòâèé зëîó-
мышëåííèêîâ (1), ñòèõèè (2) è дðóãèõ фàêòîðîâ (3) 
â Äîíåцêîé è Лóãàíñêîé îбëàñòÿõ зà ïåðèîды ñ 2001 

ïî 2005 ãã. (à) è ñ 2001 ïî 2010 ãã. (б)

69%16%

4%

à)

54%

30% 27%

б)

3

2

1
3

2

1
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ïîâðåждåíèé бðîíèðîâàííîãî êàбåëÿ, ðàññчèòàí-
íàÿ зà ïåðèîд ñ 2001 ïî 2010 ãîд, мåíьшå, чåм 
зà ïåðèîд ñ 2001 ïî 2005 ãã., à ïîâðåждåíèé êà-
бåëÿ, ïðîëîжåííîãî â ñóбêàíàëàõ, óâåëèчèëîñь.

Рàñчåò ïëîòíîñòè îòêàзîâ íà 100 êм òðàññы зà ïå-
ðèîд ñ 2001 ïî 2010 ãã. ïîêàзыâàåò, чòî îíà íà 19% 
íèжå, чåм зà ïåðèîд 2001—2005 ãã., чòî мîжåò ñâè-
дåòåëьñòâîâàòь, íàïðèмåð, îб óëóчшåíèè îõðàííî-
ðàзъÿñíèòåëьíыõ ðàбîò. Сðåдíåå âðåмÿ ïîëíîãî 
âîññòàíîâëåíèÿ ñâÿзè òàêжå мåíьшå íà 32%, чòî, 
âåðîÿòíî, ñâÿзàíî ñ ïîâышåíèåм îïåðàòèâíîñòè ðà-
бîò àâàðèéíî-âîññòàíîâèòåëьíыõ бðèãàд.

В ñîîòâåòñòâèè ñ ïîëóчåííымè дàííымè, îчå-
âèдíî, чòî ðàñчåò ýêñïëóàòàцèîííыõ ïîêàзàòå-
ëåé êàчåñòâà ðàбîòы êàбåëьíыõ ëèíèé ñâÿзè íå-
îбõîдèмî âыïîëíÿòь íå òîëьêî ñîãëàñíî ñðåдíå-
ãîдîâым, íî è ñîãëàñíî мàêñèмàëьíым è мèíè-
мàëьíымè ïîêàзàòåëÿм èíòåíñèâíîñòè îòêàзîâ. 

В табл. 2 ïðåдñòàâëåíы ñðåдíèå, мàêñèмàëь-
íыå è мèíèмàëьíыå зíàчåíèÿ l дëÿ ðàзíîãî âèдà 
êàбåëьíыõ ëèíèé, ðàññчèòàííыå ïî âыðàжåíèю 
(1), êîòîðыå ïîëóчåíы íà бàзå îбðàбîòêè ñòà-
òèñòèчåñêèõ дàííыõ î ïîâðåждåíèè ñåòè ñâÿзè 
Äîíåцêîé è Лóãàíñêîé îбëàñòåé зà ïåðèîд ýêñïëó-

àòàцèè ñ 2001 ïî 2010 ãã. Сîãëàñíî ýòèм дàííым, 
èíòåíñèâíîñòь îòêàзîâ бðîíèðîâàííыõ êàбåëåé, 
êîòîðыå ïðîêëàдыâàюòñÿ íåïîñðåдñòâåííî â ïî-
чâå, зà ïåðèîд ñ 2006 ïî 2010 ãîды óâåëèчèëàñь 
ïî ñðàâíåíèю ñ ïðåдыдóщèм ïåðèîдîм íà 78%. 
Эòî îбъÿñíÿåòñÿ óâåëèчåíèåм дîëè зëîóмышëåí-
íыõ ïîâðåждåíèé ОÊ (ðèñ. 1) è íåñîãëàñîâàííыõ 
зåмëÿíыõ ðàбîò â îõðàííîé зîíå êàбåëÿ.

***
Òàêèм îбðàзîм, ïîëóчåíы ýêñïëóàòàцèîííыå 

ïîêàзàòåëè êàчåñòâà ðàбîòы ВОЛС òðàíñïîðòíîé 
òåëåêîммóíèêàцèîííîé ïåðâèчíîé ñåòè Äîíåцêîé 
è Лóãàíñêîé îбëàñòåé, êîòîðыå ïîзâîëÿюò âыïîë-

Рèñ. 3. Пðîцåíòíîå ñîîòíîшåíèå êîëèчåñòâà ïîâðåж-
дåíèé ВОЛС ÒÒП ñåòè ñâÿзè Äîíåцêîé (а, б) è 
Лóãàíñêîé (в, г) îбëàñòåé зà ïÿòèëåòíèé è дåñÿòèëåò-
íèé ïåðèîды дëÿ бðîíèðîâàííîãî êàбåëÿ â ïîчâå (1) è 
â êàбåëьíîé êàíàëèзàцèè (2), à òàêжå íåбðîíèðîâàííî-
ãî êàбåëÿ â êàбåëьíîé êàíàëèзàцèè èëè ñóбêàíàëå (3)
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Òàбëèцà 2
Интенсивность отказов ВОЛС  на 1 км трассы, 
рассчитанная для разных периодов и для различ-

ных условий прокладки кабеля

Пåðèîд

Иíòåíñèâíîñòь îòêàзîâ 
íà 1 êм òðàññы, 

10–7 1/ч
lñð lmax lmin

Бðîíèðîâàííыé êàбåëь â ïîчâå
2001 —2005 ãã. 15,48 19,00 10,38
2006 — 2010 ãã. 27,62 39,15 16,32
2001 — 2010 ãã. 21,55 29,08 13,35

Бðîíèðîâàííыé êàбåëь â êàбåëьíîé êàíàëèзàцèè
2001 —2005 ãã. 105,59 202,70 16,44
2006 — 2010 ãã. 41,37 45,54 37,21
2001 — 2010 ãã. 69,58 124,12 26,83

Нåбðîíèðîâàííыé êàбåëь â êàбåëьíîé êàíàëèзà-
цèè èëè ñóбêàíàëå

2001 —2005 ãã. — — —
2006 — 2010 ãã. 23,97 52,16 16,32
2001 — 2010 ãã. 23,97 52,16 16,32

Рèñ. 2. Эêñïëóàòàцèîííыå ïîêàзàòåëè êàчåñòâà ВОЛС 
ÒÒП ñåòåé ñâÿзè Äîíåцêîé è Лóãàíñêîé îбëàñòåé â 

ïåðèîд ñ 2001 ïî 2010 ãã.: 
а — ïëîòíîñòь îòêàзîâ; б — ñðåдíåå âðåмÿ âîñòàíîâëåíèÿ 
ñâÿзè; в — ñðåдíåå âðåмÿ ïîëíîãî âîññòàíîâëåíèÿ ñâÿзè
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íÿòь îðèåíòèðîâîчíыå ðàñчåòы íàдåжíîñòè êà-
бåëьíыõ ëèíèé, îïðåдåëÿòь è ñðàâíèâàòь êàчåñòâî 
ðàбîòы îïòèчåñêèõ êàбåëåé ðàзíыõ òèïîâ мåж-
дó ñîбîé è дð. В ñëóчàå íåîбõîдèмîñòè ýòî дàåò 
âîзмîжíîñòь íàмåòèòь ñîîòâåòñòâóющèå мåðîïðè-
ÿòèÿ è ðàзðàбîòàòь ïðàêòèчåñêèå ðåêîмåíдàцèè 
ïî мèíèмèзàцèè ðèñêà ïîâðåждåíèÿ ВОЛС è ïî 
îбåñïåчåíèю íîðм ïîêàзàòåëåé íàдåжíîñòè ñè-
ñòåм ñâÿзè â ðàзëèчíыõ óñëîâèÿõ ýêñïëóàòàцèè.
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ЕÊСПЛÓАÒАЦІЙНІ ПОÊАЗНИÊИ ЯÊОСÒІ ÒРАНСПОРÒНОЇ 
ÒЕЛЕÊОМÓНІÊАЦІЙНОЇ ПЕРВИННОЇ МЕРЕЖІ ÓÊРАЇНИ
В роботі наведено статистичні дані про кількість, причини та характер пошкоджень підземних 
волоконно-оптичних ліній зв’язку, які є основою транспортної телекомунікаційної первинної мережі, на 
прикладі Донецької та Луганської областей за період з 2001 по 2010 рр. Порівняння значень цих харак-
теристик із значеннями аналогічних характеристик за 2001—2005 рр. дозволяє розробити рекомендації 
по підвищенню надійності телекомунікаціїйних мереж.

Ключові слова: волоконно-оптична лінія зв’язку, транспортна телекомунікаційна первинна мережа, 
експлуатаційні показники якості роботи, статистичні дані.
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ПОЛÓЧЕНИЕ ÄВÓХСÒОРОННИХ ВЫСОÊОВОЛЬÒНЫХ 
ЭПИÒАÊСИАЛЬНЫХ ÊРЕМНИЕВЫХ p—i—n-СÒРÓÊÒÓР 
МЕÒОÄОМ ЖФЭ

Оñîбåííîñòью êðåмíèåâыõ ýïèòàêñèàëьíыõ 
p—i—n-ñòðóêòóð ÿâëÿåòñÿ íàëèчèå òîëñòîé (îêî-
ëî 200 мêм) âыñîêîîмíîé i-îбëàñòè, ñ îбåèõ ñòî-
ðîí êîòîðîé фîðмèðóюòñÿ êîíòàêòíыå ñëîè p- è 
n-òèïà. Êàê ïðàâèëî, Si p—i—n-ñòðóêòóðы ïî-
ëóчàюò òðàдèцèîííым дèффóзèîííым мåòîдîм 
èëè мåòîдîм жèдêîфàзíîé ýïèòàêñèè (ЖФЭ). 
В ïåðâîм ñëóчàå фîðмèðîâàíèå p- è n-ñëîåâ ïðî-
èñõîдèò, êàê ïðàâèëî, â дâóõýòàïíîм ïðîцåñ-
ñå дèффóзèè àêцåïòîðíыõ è дîíîðíыõ ïðèмå-
ñåé èз бîðî- èëè фîñфîðîñèëèêàòíîãî ñòåêëà â 
âыñîêîîмíóю êðåмíèåâóю ïîдëîжêó òîëщèíîé 
200—250 мêм ïðè òåмïåðàòóðå 1000—1200°С [1, 
2]. Вñëåдñòâèå òàêîé âыñîêîòåмïåðàòóðíîé îбðà-
бîòêè óдåëьíîå ñîïðîòèâëåíèå ïîдëîжêè r, ñî-
ставляющее изначально более 500 Ом∙см, умень-
шàåòñÿ â дâà-òðè ðàзà. Сîîòâåòñòâåííî, íèзêèм 
бóдåò è ïðîбèâíîå íàïðÿжåíèå âыñîêîâîëьòíî-
ãî дèîдà (íå бîëåå 1000 В), ïîñêîëьêó åãî âåëè-
чèíà îïðåдåëÿåòñÿ зíàчåíèåм r. Ê òîмó жå ïðè 
фîðмèðîâàíèè ýïèòàêñèàëьíыõ ñòðóêòóð дèф-
фóзèîííым ñïîñîбîм íåëьзÿ îбåñïåчèòь õîðî-
шóю âîñïðîèзâîдèмîñòь ïðîцåññà.

Фîðмèðîâàíèå êîíòàêòíыõ ñëîåâ мåòîдîм 
ЖФЭ ïðîâîдèòñÿ ïðè òåмïåðàòóðå íà 200—
300°С íèжå, чåм дèффóзèîííым, â дâóõ îòдåëь-
íыõ òåõíîëîãèчåñêèõ ïðîцåññàõ: ñíàчàëà ýïèòàê-
ñèàëьíыå ñëîè êðèñòàëëèзóюòñÿ íà îдíîé ñòî-
ðîíå ïîдëîжêè, зàòåм íà дðóãîé. Òàêîé òåõíî-
ëîãèчåñêèé ïîдõîд ÿâëÿåòñÿ дîñòàòîчíî ñëîж-
íым, à дëèòåëьíàÿ òåðмîîбðàбîòêà ñòðóêòóð â 
òåчåíèå дâóõ ïðîцåññîâ ðîñòà ïðàêòèчåñêè ñâî-
дèò íà íåò ýффåêò îò ñíèжåíèÿ òåмïåðàòóðы, 
ïîñêîëьêó îíà âñå ðàâíî îñòàåòñÿ âыñîêîé (ñòå-
ïåíь дåãðàдàцèè âыñîêîîмíîé êðåмíèåâîé ïîд-
ëîжêè зàâèñèò íå òîëьêî îò òåмïåðàòóðы îбðà-
бîòêè, íî è îò åå ïðîдîëжèòåëьíîñòè [3, 4]). 

В íàñòîÿщåé ðàбîòå ïðåдëîжåíà òåõíîëîãèÿ 
ïîëóчåíèÿ дâóõñòîðîííèõ êðåмíèåâыõ p—i—n-
ñòðóêòóð мåòîдîм ЖФЭ â åдèíîм òåõíîëîãèчå-

Разработана технология выращивания двухсторонних высоковольтных кремниевых p—i—n-
структур методом жидкофазной эпитаксии в едином технологическом процессе. Электрофизические 
параметры полученных структур позволяют изготавливать на их основе высоковольтные диоды.

Ключевые слова: эпитаксиальный слой, жидкофазная эпитаксия, редкоземельный элемент, легиро-
вание.

ñêîм ïðîцåññå, чòî ïîзâîëÿåò ñóщåñòâåííî óмåíь-
шèòь дëèòåëьíîñòь òåðмîîбðàбîòêè.

Îсобенности процесса кристаллизации 
двухсторонних кремниевых эпитаксиальных 

p—i—n-структур при ЖФЭ
Одíîé èз ïðîбëåм, âîзíèêàющèõ ïðè ЖФЭ 

ñëîåâ êðåмíèÿ n- è p-òèïà ïðîâîдèмîñòè, ÿâëÿ-
åòñÿ ñмàчèâàåмîñòь ðàñïëàâàмè ãàëëèÿ è îëîâà 
Si-ïîдëîжêè ïðè íèзêèõ зíàчåíèÿõ òåмïåðàòó-
ðы ýïèòàêñèè. Пðè òåмïåðàòóðå 850°С è íèжå 
дàжå íà ïîдëîжêàõ êðåмíèÿ, ïðîшåдшèõ ñòàí-
дàðòíóю ïðåдýïèòàêñèàëьíóю îбðàбîòêó â òðàâè-
òåëÿõ [5], óдàëÿющèõ åñòåñòâåííыé îêñèд SiO2, 
à òàêжå ïîдðàñòâîðÿåмыõ â íåдîíàñыщåííыõ ïî 
êðåмíèю ðàñòâîðàõ ãàëëèÿ èëè îëîâà, îбðàзóюò-
ñÿ дåфåêòы â âèдå íåзàðîщåííыõ óчàñòêîâ ðàз-
íîé ïëîщàдè [6]. Одíèм èз ðåшåíèé ýòîé ïðî-
бëåмы ÿâëÿåòñÿ èñïîëьзîâàíèå ðàñêèñëÿющèõ 
дîбàâîê, òàêèõ, íàïðèмåð, êàê àëюмèíèé, êî-
òîðыé ïðè фîðмèðîâàíèè ñëîåâ p-Si âыïîëíÿ-
åò îдíîâðåмåííî è ðîëь àêцåïòîðíîé ïðèмåñè. 
Зíàчèòåëьíî ñëîжíåå ýòà зàдàчà ðåшàåòñÿ ïðè 
ïîëóчåíèè ñèëьíîëåãèðîâàííыõ ñëîåâ n-Si, ïî-
ñêîëьêó àëюмèíèé ïðèмåíÿòь íåëьзÿ ââèдó åãî 
àêцåïòîðíîãî âîздåéñòâèÿ. В íàñòîÿщåé ðàбî-
òå дëÿ ýòîãî èñïîëьзîâàí ðåдêîзåмåëьíыé ýëå-
мåíò èòòåðбèé, èмåющèé îчåíь âыñîêóю õèмè-
чåñêóю àêòèâíîñòь ê êèñëîðîдó è åãî îêñèдàм. 
Пîñêîëьêó êîëèчåñòâî Yb â ðàñòâîðàõ îëîâà íå 
ïðåâышàëî 0,15 àò. %, åãî âëèÿíèå íà ýëåêòðîфè-
зèчåñêèå ñâîéñòâà ñëîåâ быëî íåзíàчèòåëьíым. 

Óдåëьíîå ñîïðîòèâëåíèå i-ñëîÿ â ñîñòàâå Si 
p—i—n-ñòðóêòóðы ÿâëÿåòñÿ îдíèм èз îñíîâ-
íыõ ïàðàмåòðîâ, îïðåдåëÿющèõ åå êàчåñòâî. 
Пîýòîмó дëÿ âыбîðà мàêñèмàëьíî дîïóñòèмîé 
òåмïåðàòóðы ïðîцåññà êðèñòàëëèзàцèè ïðîâî-
дèëè îòжèã âыñîêîîмíыõ ïîдëîжåê i-Si â àò-
мîñфåðå âыñîêîчèñòîãî âîдîðîдà ïðè ðàзëèч-
íыõ зíàчåíèÿõ òåмïåðàòóðы Тo. Äëèòåëьíîñòь 
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îòжèãà ñîñòàâëÿëà íå мåíåå 90 мèí, чòî èмè-
òèðîâàëî ïðîдîëжèòåëьíîñòь ïðîцåññà ЖФЭ 
ñëîåâ Si. Рåзóëьòàòы ýêñïåðèмåíòîâ ïðèâåдå-
íы â таблице. Из ýòèõ дàííыõ ñëåдóåò, чòî ñó-
щåñòâåííîå óмåíьшåíèå óдåëьíîãî ñîïðîòèâëå-
íèÿ Si-ïîдëîжåê ïðîèñõîдèò ïðè Тo ≥ 880°С, 
ò. å. òåмïåðàòóðà íàчàëà êðèñòàëëèзàцèè âыñî-
êîîмíыõ Si p—i—n-ñòðóêòóð ïðè ЖФЭ дîëж-
íà íàõîдèòьñÿ íèжå 880°С. 
 Удельное сопротивление четырех i-Si-подложек

Тo, °С
Óдåëьíîå ñîïðîòèâëåíèå 

ïîдëîжêè, Ом⋅ñм
Òîëщèíà

ïîдëîжêè, 
мêмдî îòжèãà ïîñëå îòжèãà

800 109 108 186
850 115 110 183
890 112 90 193
950 114 74 171

Нàðàщèâàíèå ýïèòàêñèàëьíыõ ñëîåâ îñóщåñò-
âëÿëè â òåмïåðàòóðíîм дèàïàзîíå 860—650°С 
â ãåðмåòèчíîм êâàðцåâîм ðåàêòîðå ïðîòîчíîãî 
типа в атмосфере водорода с точкой росы –70°С 
â ãðàфèòîâîé ïîðшíåâîé êàññåòå, êîòîðàÿ быëà 
ñïåцèàëьíî ðàзðàбîòàíà íàмè дëÿ ïîëóчåíèÿ 
дâóõñòîðîííèõ ñòðóêòóð â åдèíîм òåõíîëîãè-
чåñêîм ïðîцåññå [7]. Вî èзбåжàíèå дåãðàдàцèè 
ïîдëîжêè мàêñèмàëьíàÿ òåмïåðàòóðà ïðîцåññà 
íå ïðåâышàëà 860°С. 

Пðîцåññ íàðàщèâàíèÿ дâóõñòîðîííèõ ñòðóê-
òóð ïðîèñõîдèò ñëåдóющèм îбðàзîм. Рàñòâîðы-
ðàñïëàâы âыдåðжèâàюòñÿ â òåчåíèå 60 мèí ïðè 
òåмïåðàòóðå 860°С дëÿ èõ ãîмîãåíèзàцèè. Пîñëå 
ýòîãî íà Si-ïîдëîжêó ñâåðõó ïîдàåòñÿ ðàñòâîð-
ðàñïëàâ îëîâà, è â òåчåíèå 30 мèí ïðîèñõîдèò 
åå ïîдðàñòâîðåíèå íà ãëóбèíó 8—10 мêм. Зàòåм 
ðîñòîâыé зàзîð зàïîëíÿåòñÿ íàñыщåííым ïî 
êðåмíèю ðàñòâîðîм-ðàñïëàâîм îëîâà, ëåãèðî-
âàííым cóðьмîé è èòòåðбèåм, è èз íåãî â òåчå-
íèå 3 ч ïðè ñíèжåíèè òåмïåðàòóðы ñî ñêîðîñòью 
0,7—1,0°С/мèí êðèñòàëëèзóåòñÿ ñëîé êðåмíèÿ 
n-òèïà ïðîâîдèмîñòè. Пðè дîñòèжåíèè 750°С ñ 
îбðàòíîé ñòîðîíы ïîдëîжêè дëÿ åå ïîдðàñòâî-
ðåíèÿ ïðîдàâëèâàåòñÿ ðàñòâîð-ðàñïëàâ ãàëëèÿ. 
Äàëåå òåмïåðàòóðà ñíèжàåòñÿ дî 740°С â òåчåíèå 
30 мèí, ïîñëå чåãî ñюдà ïîдàåòñÿ íàñыщåííыé 
ïî Si ðàñòâîð-ðàñïëàâ Ga, ëåãèðîâàííыé àëю-
мèíèåм, è ïðè дàëьíåéшåм ñíèжåíèè òåмïåðà-
òóðы дî 650°С íàðàщèâàåòñÿ p-Si-ñëîé â òåчåíèå 
ïðèмåðíî 3 ч, ïðè ýòîм ñêîðîñòь ñíèжåíèÿ òåм-
ïåðàòóðы ñîñòàâëÿåò 0,6°С/мèí. Пðè дîñòèжå-
íèè òåмïåðàòóðы 650°С ðåàêòîð ñ êàññåòîé óдà-
ëÿåòñÿ èз òåðмîбëîêà. 

Äëÿ ïîëóчåíèÿ ñòðóêòóð ñ íåîбõîдèмымè 
ïàðàмåòðàмè â ïðîцåññå èññëåдîâàíèé âàðьè-
ðîâàëè àòîмíыå мàññы êîмïîíåíòîâ ðàñòâîðîâ-
ðàñïëàâîâ, мåíÿÿ ïðè ýòîм è âåëèчèíó ðîñòîâî-
ãî зàзîðà. Быëî óñòàíîâëåíî, чòî дëÿ дîñòèжå-
íèÿ íåîбõîдèмыõ ïàðàмåòðîâ ñòðóêòóð ðîñòî-
âыé зàзîð дëÿ ïîëóчåíèÿ ñëîåâ n-Si дîëжåí ñî-
ñòàâëÿòь 1,5 мм, à дëÿ р-Si — 0,8 мм.

Ðезультаты исследований электрофизических 
параметров полученных структур

Иññëåдîâàíèå ïðîâîдèëîñь ïî мåòîдèêå èз-
мåðåíèÿ ýффåêòà Хîëëà.

Нà рис. 1, ãдå ïðåдñòàâëåíà зàâèñèмîñòь êîí-
цåíòðàцèè дыðîê Ср â р-Si-ñëîå îò ñîдåðжàíèÿ 
Al â ãàëëèåâîм ðàñïëàâå, âèдíî, чòî óâåëèчåíèå 
êîëèчåñòâà àëюмèíèÿ ХAl îò 0,2 дî 1,0 àò. % ïðè-
âîдèò ê óâåëèчåíèю êîíцåíòðàцèè дыðîê â ïÿòь 
ðàз. Пðè ýòîм â îбëàñòè ХAl > 0,8 àò. % íàбëюдà-
åòñÿ íàñыщåíèå êîíцåíòðàцèîííîé зàâèñèмîñòè. 

Сëåдóåò îòмåòèòь, чòî ïðè ñîдåðжàíèè Al, 
мåíьшå 0,4 àò. %, фîðмèðóюòñÿ íåñïëîшíыå è 
íåîдíîðîдíыå ïî òîëщèíå ýïèòàêñèàëьíыå ñëîè 
p-Si, чòî îбóñëîâëåíî ïëîõîé ñмàчèâàåмîñòью 
êðåмíèåâîé ïîдëîжêè ðàñïëàâîм èз-зà ïðèñóò-
ñòâèÿ íà åå ïîâåðõíîñòè åñòåñòâåííîãî îêñèдà. 
Пðè íèзêîé òåмïåðàòóðå ýïèòàêñèè ðàñòâîðå-
íèå ïîдëîжêè íàчèíàåòñÿ â òåõ мåñòàõ, ãдå òîë-
щèíà åñòåñòâåííîãî дèîêñèдà êðåмíèÿ íàèмåíь-
шàÿ. Òðàâëåíàÿ ïîâåðõíîñòь èмååò ÿчåèñòыé õà-
ðàêòåð. Еñëè òðàâëåíèå ïðîâîдèòь íà бîëьшóю 
ãëóбèíó (îêîëî 20 мêм è бîëåå), òî òðàâëåíàÿ 
ïîâåðõíîñòь ïîñòåïåííî âыðàâíèâàåòñÿ. Одíàêî 
ïðè íèзêèõ òåмïåðàòóðàõ ýïèòàêñèè îõëàждåí-
íыé íà 15—20°С ðàñïëàâ ãàëëèÿ íàñыщàåòñÿ 
êðåмíèåм, è ïðè дàëьíåéшåм ñíèжåíèè òåмïå-
ðàòóðы ðàñòâîðåíèå ïðåêðàщàåòñÿ, à â âыòðàâ-
ëåííыõ îêíàõ дèîêñèдà êðåмíèÿ íàчèíàåòñÿ 
êðèñòàëëèзàцèÿ êðåмíèÿ. В дàëьíåéшåм, â зà-
âèñèмîñòè îò ïëîщàдè óчàñòêîâ ïîдëîжêè, êî-
òîðыå îñòàëèñь íåòðàâëåíымè, è òîëщèíы íàðà-
щèâàåмîãî ñëîÿ, â íåм фîðмèðóюòñÿ дåфåêòы â 
âèдå íåзàðîщåííыõ óчàñòêîâ ðàзíîé ïëîщàдè, 
à íà бîëåå ïîздíåé ñòàдèè — дåфåêòы â âèдå 
ÿмîê, êîòîðыå âèдíы íà рис. 2, а (ñм. здåñь, 
à òàêжå â цâåòå íà 3-é ñòð. îбëîжêè). Äîбàâëåíèå 
àëюмèíèÿ â ðàñïëàâ ãàëëèÿ ñïîñîбñòâóåò óдàëå-
íèю ñîбñòâåííîãî îêñèдà ñ ïîâåðõíîñòè ïîдëîж-
êè, ðàâíîмåðíîмó åå ïîдðàñòâîðåíèю ïåðåд íàчà-
ëîм êðèñòàëëèзàцèè ýïèòàêñèàëьíîãî ñëîÿ êðåм-
íèÿ è фîðмèðîâàíèю ïîâåðõíîñòè, êàчåñòâåííîé 

Cp, ñм–3

1,0⋅1019

0,5⋅1019

300 Ê

0,2         0,4         0,6         0,8   ХAl, àò.%

Рèñ. 1. Зàâèñèмîñòь êîíцåíòðàцèè дыðîê â р-Si-ñëîå 
îò ñîдåðжàíèÿ àëюмèíèÿ â ãàëëèåâîм ðàñïëàâå
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ñ òîчêè зðåíèÿ мàêðîмîðфîëîãèè (ñм. ðèñ. 2, б 
è мèêðîмîðфîëîãèю ïîâåðõíîñòè ýòîãî ñëîÿ íà  
ðèñ. 2, г). Одíàêî ïðè êîíцåíòðàцèÿõ àëюмèíèÿ, 
ïðåâышàющèõ 1 àò. %, ðàñòâîðèмîñòь êðåмíèÿ 
óâåëèчèâàåòñÿ, чòî ïðèâîдèò ê íåïëàíàðíîмó ïîд-
ðàñòâîðåíèю ïîдëîжêè è âîзíèêíîâåíèÿ бóãîðчà-
òîãî ðåëьåфà (ðèñ. 2, в). Òàêèм îбðàзîм, îïòè-
мàëьíàÿ êîíцåíòðàцèÿ Al â ðàñïëàâå Ga, îбåñïå-
чèâàющàÿ ïîëóчåíèå êàчåñòâåííîé ïîâåðõíîñòè, 
íàõîдèòñÿ â дèàïàзîíå 0,4—0,8 àò. %.

Óâåëèчåíèå ðàñòâîðèмîñòè Si â Ga—Al-
ðàñïëàâå ïðèâîдèò ê íåмîíîòîííîмó âîзðàñòà-
íèю ñêîðîñòè êðèñòàëëèзàцèè è, ñîîòâåòñòâåííî, 
ê óâåëèчåíèю òîëщèíы ñëîÿ. Нà рис. 3 ïðèâå-
дåíà зàâèñèмîñòь òîëщèíы h ñëîåâ p-Si  îò êîí-
цåíòðàцèè Al â ðàñïëàâå Ga. Здåñь âèдíî, чòî 
ïðè ïîâышåíèè êîíцåíòðàцèè Al дî 0,6 àò. % 

òîëщèíà óâåëèчèâàåòñÿ íåзíàчèòåëьíî, à ïðè 
ХAl > 0,8 àò. % íàбëюдàåòñÿ ðåзêîå åå âîзðàñòà-
íèå. Очåâèдíî, чòî дèàïàзîí êîíцåíòðàцèè Al 
â ãàëëèåâîм ðàñïëàâå, îбåñïåчèâàющèé ïîëó-
чåíèå êàчåñòâåííîé ïîâåðõíîñòè p-Si-ñëîåâ, ÿâ-
ëÿåòñÿ òàêжå îïòèмàëьíым ñ òîчêè зðåíèÿ âîñ-
ïðîèзâîдèмîñòè ïðîцåññà.

Äëÿ ïîëóчåíèÿ ñèëьíîëåãèðîâàííыõ ýïèòàê-
ñèàëьíыõ n-Si-ñëîåâ èñïîëьзîâàëñÿ ðàñòâîð-
ðàñïëàâ íà îñíîâå îëîâà, íàñыщåííыé êðåм-
íèåм è ëåãèðîâàííыé Sb â ïðåдåëàõ êîíцåí-
òðàцèè 6,2—8,5 àò. %, à òàêжå ðåдêîзåмåëь-
íым ýëåмåíòîм èòòåðбèåм (Yb) â êîëèчåñòâàõ 
0,001—0,150 àò. %. Иòòåðбèé, êàê îòмåчàëîñь 
âышå, â òàêèõ êîëèчåñòâàõ дåéñòâóåò â îñíîâ-
íîм êàê ðàñêèñëÿющàÿ дîбàâêà, óëóчшàющàÿ 
ñмàчèâàíèå êðåмíèåâîé ïîдëîжêè ðàñòâîðîм-
ðàñïëàâîм íà îñíîâå îëîâà. Пðè îòñóòñòâèè Yb 
â ðàñïëàâå Sn íà íàчàëьíîé ñòàдèè ïðîцåññà íà-
бëюдàåòñÿ îñòðîâêîâыé ðîñò, чòî ïðè êðèñòàëëè-
зàцèè îòíîñèòåëьíî òîëñòыõ (5—6 мêм è бîëь-
шå) ýïèòàêñèàëьíыõ ñëîåâ êðåмíèÿ ïðèâîдèò 
ê îбðàзîâàíèю бóãîðчàòîé ïîâåðõíîñòè, êîòî-
ðàÿ âèдíà íà рис. 4, а (здåñь è â цâåòå íà 3-é 
ñòð. îбëîжêè), à òàêжå ê бîëьшîé íåîдíîðîд-
íîñòè ïî òîëщèíå. Äîбàâëåíèå Yb â êîëèчåñòâå 
îò 0,03 дî 0,15 àò. % ïîзâîëÿåò êðèñòàëëèзîâàòь 
ïëàíàðíыå ñëîè n-Si ñ ðàзбðîñîм ïî òîëщèíå 
íå бîëåå 1% íà ïîдëîжêàõ дèàмåòðîм 50,8 мм è 
зåðêàëьíî-ãëàдêîé ïîâåðõíîñòью (ñм. ðèñ. 4, б 
è мèêðîмîðфîëîãèю ïîâåðõíîñòè ýòîãî ñëîÿ íà 
ðèñ. 4, г). Пðè ïîâышåíèè êîíцåíòðàцèè Yb â 
ðàñòâîðå-ðàñïëàâå îëîâà бîëьшå 0,15 àò. % îд-
íîðîдíîñòь ñëîåâ ñóщåñòâåííî óõóдшàåòñÿ. Эòî 
мîжåò быòь ñâÿзàííî ñ îбðàзîâàíèåм â îбъåмå 

à) б)

â) ã)

Рèñ. 2. Мàêðîмîðфîëîãèÿ (а—в) è мèêðîмîðфîëî-
ãèÿ (г) ïîâåðõíîñòè p-Si-ñëîåâ, êðèñòàëëèзîâàííыõ â 
èíòåðâàëàõ òåмïåðàòóðы 740—650°С èз ðàñïëàâà Ga 
ïðè ðàзëèчíîм ñîдåðжàíèè â íåм àëюмèíèÿ (â àò. %): 

а — 0,25; б, г — 0,76; в — 1,25

h, мêм

12

11

10

9

8

0,2       0,4       0,6      0,8       ХAl, àò.%

Рèñ. 3. Зàâèñèмîñòь òîëщèíы ñëîåâ p-Si, êðèñòàë-
ëèзîâàííыõ â дèàïàзîíå òåмïåðàòóðы 740—650°С, 

îò êîíцåíòðàцèè Al â ðàñïëàâå Ga

Рèñ. 4. Мàêðîмîðфîëîãèÿ (а—в) è мèêðîмîðфîëî-
ãèÿ (г) ïîâåðõíîñòè n-Si-ñëîåâ, êðèñòàëëèзîâàííыõ â 
èíòåðâàëå òåмïåðàòóðы 850—750°С èз ðàñïëàâà Sn, 
ëåãèðîâàííîãî ñóðьмîé (8,5 àò. %), ïðè ðàзëèчíîм 

ñîдåðжàíèè èòòåðбèÿ (â àò. %): 
а — 0; б, г – 0,07; в — 0,18

б)à)

â) ã)
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ðàñïëàâà îêñèдîâ èòòåðбèÿ, êîòîðыå âыñòóïà-
юò â ðîëè дîïîëíèòåëьíыõ цåíòðîâ êðèñòàëëè-
зàцèè, íàðóшàющèõ óñëîâèÿ ãîмîãåííîãî ðîñòà 
ñëîåâ. Обðàзîâàâшèåñÿ мèêðîâêëючåíèÿ âòîðîé 
фàзы íàðóшàюò дèффóзèîííыé мåõàíèзм мàñ-
ñîïåðåíîñà êðåмíèÿ â îбъåм ðàñïëàâà, à òàêжå 
мîãóò зàõâàòыâàòьñÿ êðèñòàëëèзóющèмñÿ ýïè-
òàêñèàëьíым ñëîåм, óõóдшàÿ êàчåñòâî åãî ïî-
âåðõíîñòè (ðèñ. 4, в).

Нà рис. 5, ãдå ïðèâåдåíà зàâèñèмîñòь êîí-
цåíòðàцèè ýëåêòðîíîâ Сn â n-Si-ñëîå îò ñîñòàâà 
ðàñòâîðà-ðàñïëàâà, âèдíî, чòî ïðè êîíцåíòðàцè-
ÿõ Yb, ïðåâышàющèõ 0,1 àò. %, è îïòèмàëьíîм 
êîëèчåñòâå дîíîðíîé ïðèмåñè Sb (8,0—8,5 àò. %) 
зíàчåíèå Сn становится ниже 1•1018 ñм–3 (êðè-
âàÿ 4). Эëåêòðîфèзèчåñêèå ïàðàмåòðы ñòðóê-
òóð ñ òàêèмè ñëîÿмè íå ÿâëÿюòñÿ îïòèмàëьíы-
мè дëÿ èñïîëьзîâàíèÿ èõ â êàчåñòâå êîíòàêò-
íыõ. Нàèбîëåå âåðîÿòíîé ïðèчèíîé óмåíьшå-
íèÿ óðîâíÿ ëåãèðîâàíèÿ ñëîåâ n-Si ïðè óâåëè-
чåíèè êîíцåíòðàцèè èòòåðбèÿ â Sn-ðàñïëàâàõ 
ÿâëÿåòñÿ, ïî-âèдèмîмó, óмåíьшåíèå фîíîâыõ 
дîíîðíыõ ïðèмåñåé âñëåдñòâèå èõ âзàèмîдåé-
ñòâèÿ ñ Yb. Аíàëîãèчíыé ýффåêò óмåíьшåíèÿ 
фîíîâîãî ëåãèðîâàíèÿ íàбëюдàåòñÿ â ñîåдèíå-
íèÿõ А3В5, êðèñòàëëèзîâàíыõ мåòîдîм ЖФЭ 
[5]. Вîзмîжíî òàêжå ïðîÿâëåíèå êîмïåíñèðó-
ющåãî дåéñòâèÿ èòòåðбèÿ âñëåдñòâèå åãî àêцåï-
òîðíîãî âîздåéñòâèÿ ïðè êîíцåíòðàцèÿõ â ðàñ-
ïëàâå îëîâà бîëåå 0,03 àò. %, î чåм ñâèдåòåëь-
ñòâóåò óмåíьшåíèå óãëà íàêëîíà êðèâыõ 3 è 4 
ïî ñðàâíåíèю ñ êðèâîé 2 íà ðèñ. 5.

Òàêèм îбðàзîм, èñïîëьзîâàíèå ðàñòâîðîâ-
ðàñïëàâîâ îëîâà, ëåãèðîâàííыõ îдíîâðåмåííî 

ñóðьмîé è èòòåðбèåм, ïîзâîëèëî êðèñòàëëèзî-
âàòь ïðè íèзêîé òåмïåðàòóðå ýïèòàêñèàëьíыå ñëîè 
êðåмíèÿ n-òèïà ïðîâîдèмîñòè ñ óðîâíåм ëåãèðî-
вания более 1•1018 ñм–3 òîëщèíîé 8—16 мêм, èмå-
ющèõ зåðêàëьíî-ãëàдêóю ïîâåðõíîñòь. 

Âыводы
Оòðàбîòàííыå íèзêîòåмïåðàòóðíыå òåõíî-

ëîãèчåñêèå ðåжèмы êðèñòàëëèзàцèè ýïèòàêñè-
àëьíыõ ïëàíàðíыõ ñëîåâ ïîзâîëÿюò ïîëóчàòь 
дâóõñòîðîííèå Si p—i—n-ñòðóêòóðы мåòîдîм 
жèдêîфàзíîé ýïèòàêñèè â åдèíîм òåõíîëîãèчå-
ñêîм ïðîцåññå. Óðîâåíь ëåãèðîâàíèÿ âыðàщåí-
íыõ êîíòàêòíыõ p-Si- è n-Si-ñëîåâ ïðåâышàåò 
5•1018 ñм–3. Оïðåдåëåííыå â ïðîцåññå èññëåдîâà-
íèé зíàчåíèÿ îïòèмàëьíîé êîíцåíòðàцèè àëюмè-
íèÿ (0,4—0,8 àò. %.) è èòòåðбèÿ (0,03—0,15 àò%) 
â ðàñïëàâàõ ãàëëèÿ è îëîâà îбåñïåчèâàюò ïîëó-
чåíèå зåðêàëьíî-ãëàдêîé ïîâåðõíîñòè ýïèòàêñè-
àëьíыõ ñëîåâ p-Si è n-Si. Пàðàмåòðы ïîëóчåííыõ 
ñòðóêòóð ïîзâîëÿюò èзãîòàâëèâàòь íà èõ îñíîâå 
âыñîêîâîëьòíыå дèîды, èñïîëьзóåмыå â íàâè-
ãàцèîííîé àïïàðàòóðå, ñèñòåмàõ ñâÿзè быòîâîãî 
è ñïåцèàëьíîãî íàзíàчåíèÿ, бîðòîâыõ ñèñòåмàõ 
ýëåêòðîñíàбжåíèÿ, â ðàдèîëîêàцèîííыõ ñèñòå-
мàõ, мåдèцèíñêîé àïïàðàòóðå è дð.
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Розроблено технологію вирощування двосторонніх високовольтних кремнієвих p—i—n-структур мето-
дом рідиннофазної епітаксії в єдиному технологічному процесі. Електрофізичні параметри отриманих 
структур дозволяють виготовляти на їх основі високовольтні діоди.

Ключові слова: епітаксійний шар, рідиннофазова епітаксія, рідкоземельний елемент, легування.
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Ukraine, Lviv, 1SPE “Karat”, 2Lviv Polytechnic National University, 
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OBTAINING OF BILATERAL HIGH VOLTAGE EPITAXIAL  
p—i—n SI STRUCTURES BY LPE METHOD
Silicon p—i—n-structures are usually obtained using conventional diffusion method or liquid phase epitaxy 
(LPE). In both cases, the formation of p- and n-layers occurs in two stages. This technological approach 
is quite complex. Moreover, when forming bilateral high-voltage epitaxial layers, their parameters 
significantly deteriorate as a result of prolonged heat treatment of active high-resistivity layer. Besides, 
when using diffusion method, it is impossible to provide good reproducibility of the process. In this paper 
a technique of growing bilateral high-voltage silicon p—i—n-structures by LPE in a single process is 
proposed. The authors have obtained the optimum compounds of silicon-undersaturated molten solutions 
for highly doped (5•1018 cm–3) contact layers: 0.4—0.8 at. % aluminum in gallium melt for growing p-Si-
layers and 0.03—0.15 at. % ytterbium in tin melt for n-Si-layers. Parameters of such structures provide for 
manufacturing of high-voltage diodes on their basis. Such diodes can be used in navigational equipment, 
communication systems for household and special purposes, on-board power supply systems, radar systems, 
medical equipment, etc.

Key words: epitaxial layer, liquid-phase epitaxy, rare-earth element, dopping.
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Êíèãà ïðåдñòàâëÿåò ñîбîé ïîдðîбíîå ñïðàâîчíîå ðóêîâîдñòâî ïî фèзèчåñêèм îñíî-
âàм, òåõíîëîãèчåñêèм îñîбåííîñòÿм è ïðàêòèчåñêîмó ïðèмåíåíèю ïðîцåññà ðåàê-
òèâíîãî мàãíåòðîííîãî íàíåñåíèÿ òîíêèõ ïëåíîê ñëîжíîãî ñîñòàâà. Пîдðîбíî îïè-
ñàíы фèзèчåñêèå ïðîцåññы, ïðîòåêàющèå âî âðåмÿ ðåàêòèâíîãî мàãíåòðîííîãî íà-
íåñåíèÿ, òåõíîëîãèчåñêèå îñîбåííîñòè мàãíåòðîííîãî íàíåñåíèÿ. Оñîбîå âíèмàíèå 
óдåëåíî ñïîñîбàм óïðàâëåíèÿ ïðîцåññàмè íàíåñåíèÿ ïëåíîê, îбåñïåчèâàющèм ñòà-
бèëьíîñòь è âîñïðîèзâîдèмîñòь êàê ñàмîãî ïðîцåññà, òàê è ñâîéñòâ ïîëóчàåмыõ ïëå-
íîê. Рàññмîòðåíы мîдèфèêàцèè ïðîцåññà íàíåñåíèÿ, ðàзëèчàющèåñÿ èñïîëьзóåмы-
мè èñòîчíèêàмè ïèòàíèÿ: ïîñòîÿííîãî òîêà, ñðåдíåчàñòîòíыõ èмïóëьñîâ, èмïóëьñîâ 
бîëьшîé мîщíîñòè è âыñîêîчàñòîòíыå. Äàíы ïðàêòèчåñêèå ðåêîмåíдàцèè ïî îñâî-
åíèю èзâåñòíыõ è ðàзðàбîòêå íîâыõ ïðîцåññîâ ïîëóчåíèÿ ïëåíîê ñëîжíîãî ñîñòàâà 
мåòîдîм ðåàêòèâíîãî мàãíåòðîííîãî ðàñïыëåíèÿ. 
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ИЗÓЧЕНИЕ АÄСОРБЦИОННЫХ СОСÒОЯНИЙ  
В ÊЕРАМИÊЕ ZnO—Ag МЕÒОÄОМ ÒВЭ-ÊРИВЫХ 

Êåðàмèчåñêàÿ ñèñòåмà ZnO—Ag дîñòàòîчíî 
дàâíî ïðåдëîжåíà â êàчåñòâå мàòåðèàëà дëÿ ïî-
ëóïðîâîдíèêîâыõ ñåíñîðîâ ïàðîâ ýòàíîëà [1]. 
Ê íàñòîÿщåмó âðåмåíè íà îñíîâå îêñèдà цèíêà 
ñ дîбàâêîé ñåðåбðà êðîмå ñîбñòâåííî êåðàмè-
чåñêèõ мàòåðèàëîâ [2—3] ñèíòåзèðîâàíы òîí-
êèå è òîëñòыå ïëåíêè [4—8], à òàêжå ðàзëèч-
íыå íàíîñòðóêòóðы [9—15]. Оñíîâíым íàïðàâ-
ëåíèåм èññëåдîâàíèé ÿâëÿåòñÿ èзóчåíèå îïòèчå-
ñêèõ ñâîéñòâ è ñòðóêòóðы ïîëóчåííыõ îбðàзцîâ. 
Чòî жå êàñàåòñÿ èзóчåíèÿ ãàзîчóâñòâèòåëьíыõ 
ñâîéñòâ è õèмèчåñêèõ ïðîцåññîâ, ïðîòåêàющèõ 
íà ïîâåðõíîñòè ñèñòåмы ZnO—Ag, ñóщåñòâåí-
íîå âíèмàíèå ýòîмó óдåëåíî ëèшь â îòдåëьíыõ 
ðàбîòàõ [7, 8, 14—16]. 

Нåдîñòàòîчíîå êîëèчåñòâî èíфîðмàцèè î 
мîëåêóëÿðíî-ýëåêòðîííыõ ïðîцåññàõ, îòâåò-
ñòâåííыõ зà ãàзîчóâñòâèòåëьíîñòь, è î ïîâåðõ-
íîñòíыõ ýëåêòðîííыõ ñîñòîÿíèÿõ, ñâÿзàííыõ ñ 
àдñîðбцèåé, ñдåðжèâàåò ðàзâèòèå òàêîé îбëàñòè 
ýëåêòðîíèêè, êàê ïîëóïðîâîдíèêîâыå ãàзîâыå 
ñåíñîðы, ïðè ðàзðàбîòêå êîòîðыõ ñèõ ïîð ïðå-
âàëèðóåò ýмïèðèчåñêèé ïîдõîд [17]. 

Оñíîâíîé зàдàчåé íàñòîÿщåé ðàбîòы ÿâëÿ-
ëîñь èññëåдîâàíèå ïîâåðõíîñòíыõ ýëåêòðîííыõ 
ñîñòîÿíèé êåðàмèчåñêîé ñèñòåмы íà îñíîâå îêñè-
дà цèíêà ñ дîбàâêîé ñåðåбðà è èõ ñâÿзè ñ ýëåê-
òðèчåñêèмè ñâîéñòâàмè. 

Образцы и методика измерений
Êåðàмèêà быëà èзãîòîâëåíà ïóòåм ñмåшèâà-

íèÿ ïîðîшêîâ ZnO è Ag2O ñóбмèêðîííîãî ðàз-
мåðà êâàëèфèêàцèè «õч» â ýòèëîâîм ñïèðòå. 
Пîëóчåííàÿ òàêèм îбðàзîм шèõòà âыñóшèâà-
ëàñь. Êîëèчåñòâî Ag2O èзмåíÿëîñь â дèàïàзîíå 
0,1—2,0% ïî мàññå. Пîëóчåííыé ïîðîшîê быë 
ñïðåññîâàí â дèñêè дèàмåòðîм 12 мм è òîëщè-
íîé дî 4 мм ïîд îñåâым дàâëåíèåм 100 MПa. 

Приведены результаты экспериментальных исследований поверхностных электронных состояний, 
обусловленных адсорбцией газов на поверхности газочувствительной керамики ZnO—Ag, методом 
термовакуумных кривых электропроводности. Исследования проводились в интервале температур 
300—800 К. Предложена модель, позволяющая оценить глубину залегания уровня Ферми в неодно-
родных полупроводниковых материалах.

Ключевые слова: керамика, оксид цинка, Ag, вакуум, адсорбция, десорбция, электропроводность, 
уровень Ферми, зонная диаграмма.

Сïåêàíèå ïðîèзâîдèëîñь íà âîздóõå â òåчåíèå 
1 ч ïðè òåмïåðàòóðå 1170 K, чòî íèжå òåмïåðà-
òóðы ïëàâëåíèÿ ñåðåбðà. Äëÿ ýëåêòðèчåñêèõ èз-
мåðåíèé íà îбðàзцàõ быëè ñфîðмèðîâàíы ïëà-
íàðíыå ýëåêòðîды ëèбî ýëåêòðîды òèïà «ñýíд-
âèч» ïóòåм âжèãàíèÿ ñåðåбðÿíîé ïàñòы [18] ïðè 
973 Ê íà âîздóõå.

Сêàíèðóющàÿ ýëåêòðîííàÿ мèêðîñêîïèÿ ïî-
âåðõíîñòè è ðåíòãåíîâñêèé мèêðîàíàëèз быëè âы-
ïîëíåíы ïðè ïîмîщè мèêðîñêîïà Nova NanoSEM 
200 (êîмïàíèÿ FEI, США). Рåíòãåíîфàзîâыé 
àíàëèз îбðàзцîâ ïðîâîдèëè íà дèфðàêòîмå-
òðå PANalytical Empyrean (CuKa, l=1,5406 Å). 
Обðàзцы èмåëè ïîëèêðèñòàëëèчåñêóю ñòðóêòó-
ðó, òèïèчíóю дëÿ ñïåчåííыõ îêñèдîâ мåòàëëîâ. 
Вêëючåíèÿ мåòàëëèчåñêîãî ñåðåбðà быëè ëîêà-
ëèзîâàíы мåждó зåðíàмè îêñèдà цèíêà. Рàзмåðы 
зåðåí ZnO âàðьèðîâàëèñь îò 300 дî 500 íм [3]. 
Рåíòãåíîфàзîâыé è ðåíòãåíîâñêèé мèêðîàíàëèз 
îбðàзцîâ ïîñëå îòжèãà ïîêàзàë, чòî îêñèд ñåðå-
бðà âîññòàíàâëèâàëñÿ дî мåòàëëà è íå ñîздàâàë 
ñ ZnO ñîâмåñòíыõ фàз. Äðóãèå ñîåдèíåíèÿ â 
îбъåмå è íà ïîâåðõíîñòè èññëåдóåмîãî мàòåðè-
àëà îбíàðóжåíы íå быëè. Эëåêòðîïðîâîдíîñòь 
мàòåðèàëà îïðåдåëÿëàñь ïîòåíцèàëьíымè ýíåð-
ãåòèчåñêèмè бàðьåðàмè íà ãðàíèцàõ зåðåí ZnO 
(âыñîòîé 0,20—0,25 ýВ) [3]. 

Äëÿ èññëåдîâàíèÿ ïîâåðõíîñòíыõ ýëåêòðîí-
íыõ ñîñòîÿíèé îбðàзцîâ быë âыбðàí мåòîд òåð-
мîâàêóóмíыõ êðèâыõ ýëåêòðîïðîâîдíîñòè (ÒВЭ-
êðèâыõ), ïðåдëîжåííыé А. А. Äóëîâым è åãî ñî-
òðóдíèêàмè [19], êîòîðыé ïðåдñòàâëÿåòñÿ íàм 
îдíèм èз íàèбîëåå èíфîðмàòèâíыõ ñïîñîбîâ мî-
íèòîðèíãà ñîñòîÿíèÿ êàòàëèзàòîðîâ. Сîñòîÿíèå 
ïîâåðõíîñòè òâåðдîãî òåëà èññëåдóåòñÿ ïî åãî 
ýëåêòðîïðîâîдíîñòè â зàâèñèмîñòè îò òåмïåðà-
òóðы ïðîãðåâà êàê ïðåдâàðèòåëьíîãî, òàê è â 
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õîдå èзмåðåíèé, ïðîâîдèмыõ, êàê ïðàâèëî,  â 
âàêóóмå, ïîñêîëьêó â òàêîм ñëóчàå ëóчшå âñå-
ãî ïðîÿâëÿåòñÿ âëèÿíèå дåñîðбцèè íà ýëåêòðî-
ïðîâîдíîñòь. Мåòîд ÒВЭ-êðèâыõ ïîзâîëÿåò ïðî-
âåñòè àíàëèз фàзîâîãî ñîñòàâà ïîâåðõíîñòè îб-
ðàзцîâ è èññëåдîâàòь зàâèñèмîñòь ýòîãî ñîñòà-
âà îò ðàзëèчíыõ фàêòîðîâ. Оñíîâíîé îñîбåííî-
ñòью мåòîдà ÿâëÿåòñÿ òî, чòî â ïðîцåññå èññëå-
дîâàíèé фèêñèðóюòñÿ íåîбðàòèмыå èзмåíåíèÿ 
ýëåêòðîïðîâîдíîñòè s è ýíåðãèè àêòèâàцèè òà-
êîãî ïðîцåññà Eo. 

Измåðåíèå ÒВЭ-êðèâыõ ïðîâîдèëîñь ñëåдó-
ющèм îбðàзîм. Обðàзåц мåдëåííî (5 Ê/мèí) 
ïðîãðåâàëñÿ â âàêóóмå (1 Пa) дî îïðåдåëåííîé 
òåмïåðàòóðы (Tvac), âыдåðжèâàëñÿ дî ñòàбèëè-
зàцèè ýëåêòðîïðîâîдíîñòè, ïîñëå чåãî фèêñèðî-
âàëàñь òåмïåðàòóðíàÿ зàâèñèмîñòь åãî ýëåêòðè-
чåñêîé ïðîâîдèмîñòè â èíòåðâàëå îò Tvac дî êîм-
íàòíîé òåмïåðàòóðы Tо.  Òàêèå èзмåðåíèÿ ïðî-
âîдèëèñь дëÿ ðàзëèчíыõ зíàчåíèé Tvac â èíòåð-
âàëå îò 310 дî 800 K чåðåз êàждыå 20—30 Ê. 

Экспериментальные результаты  
и их обсуждение

Фîðмà ÒВЭ-êðèâыõ, ïîëóчåííыõ дëÿ îбðàз-
цîâ èññëåдóåмîé êåðàмèêè (рис. 1), быëà òè-
ïîâîé дëÿ дàííîãî мåòîдà [19, 20] è íå зàâè-
ñåëà îò ñîдåðжàíèÿ ñåðåбðà. Êðèâыå õîðîшî 
àïïðîêñèмèðóюòñÿ ýмïèðèчåñêèм óðàâíåíè åм 
s(T) = a⋅exp(–Eo/(kT)), ãдå s(T) — ýëåêòðî-
ïðîâîдíîñòь; T — àбñîëюòíàÿ òåмïåðàòóðà; 
a — ïðåдýêñïîíåíцèàëьíыé мíîжèòåëь; k — ïî-
ñòîÿííàÿ Бîëьцмàíà. Эòî ïîзâîëèëî ïîñòðîèòь 
êðèâыå â êîîðдèíàòàõ Аððåíèóñà [19] è îõà-
ðàê òåðèзîâàòь ýíåðãèåé àêòèâàцèè Eo, îïðåдå-
ëÿåмîé íà ëèíåéíîм óчàñòêå âбëèзè êîмíàòíîé 
òåмïåðàòóðы. В ðàмêàõ бàðьåðíîé мîдåëè ýëåê-
òðîïðîâîдíîñòè âåëèчèíà Eo îòîждåñòâëÿëàñь ñ 
âåëèчèíîé мåжêðèñòàëëèòíîãî ïîòåíцèàëьíîãî 
бàðьåðà jS [21]. 

С цåëью èдåíòèфèêàцèè мåõàíèзмîâ ýëåê-
òðîïðîâîдíîñòè è ïðîцåññîâ, ïðîòåêàющèõ íà 
ïîâåðõíîñòè è â îбъåмå êåðàмèêè, быëè èзóчå-

íы зàâèñèмîñòè ýíåðãèè àêòèâàцèè îò òåмïåðà-
òóðы âàêóóмèðîâàíèÿ îбðàзцîâ ñ ðàзíымè òè-
ïàмè ýëåêòðîдîâ. Òèïèчíыå зàâèñèмîñòè ïðåд-
ñòàâëåíы íà рис. 2. 

Пîñêîëьêó âëèÿíèå дåñîðбцèè íà ýëåêòðèчå-
ñêèå ñâîéñòâà ïîëóïðîâîдíèêîâ íàèбîëåå âыðà-
жåíî ïðîÿâëÿåòñÿ â ïîâåðõíîñòíыõ ñëîÿõ мàòå-
ðèàëà, îñíîâíîå âíèмàíèå ïðè èññëåдîâàíèÿõ 
óдåëÿëîñь îбðàзцàм ñ ïëàíàðíымè ýëåêòðîдàмè. 
Пðè èñïîëьзîâàíèè ÒВЭ-êðèâыõ, ïîëóчåííыõ 
дëÿ îбðàзцîâ ñ ðàзëèчíым ñîдåðжàíèåм Ag2O, 
быëè ïîñòðîåíы зàâèñèмîñòè ýëåêòðîïðîâîдíî-
ñòè so îбðàзцà ñ ïëàíàðíымè ýëåêòðîдàмè ïðè 
êîмíàòíîé òåмïåðàòóðå îò òåмïåðàòóðы åãî ïðî-
ãðåâà Тvac (ðèñ. 3). Оòмåчåíî, чòî зà èñêëючå-
íèåм îбðàзцà ñ 2%-íым ñîдåðжàíèåм Ag2O, âî 
âñåõ îбðàзцàõ óâåëèчåíèå òåмïåðàòóðы âàêóó-
мèðîâàíèÿ âышå 300 K íå ñðàзó ïðèâîдèëî ê 
óâåëèчåíèю so (ñм. êðèâыå 1 è 3 íà ðèñ. 3), à 
â íåêîòîðыõ ñëóчàÿõ зíàчåíèå so дàжå ñíèжà-
ëîñь (êðèâàÿ 2). Эòîò ýффåêò, êàê è ïîñòåïåí-
íîå óâåëèчåíèå Eo дëÿ òàêèõ îбðàзцîâ, мîжíî 
ïîÿñíèòь дåñîðбцèåé âîды ñ ïîâåðõíîñòè êåðà-
мèêè [22, 23]. 

Êàê âèдíî íà рис. 3, â дèàïàзîíå îòíîñèòåëь-
íî íèзêèõ зíàчåíèé Тvac зàâèñèмîñòь so(Тvac) 
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Рèñ. 3. Зàâèñèмîñòь ýëåêòðîïðîâîдíîñòè ïðè êîмíàò-
íîé òåмïåðàòóðå îò òåмïåðàòóðы âàêóóмèðîâàíèÿ îб-
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дåðжàíèåм Ag2O (â мàñ. %): 
1 — 0; 2 — 0,1; 3 — 1,0; 4 — 2,0
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óдîâëåòâîðèòåëьíî ñïðÿмëÿåòñÿ â êîîðдèíà-
òàõ Аððåíèóñà. Эòî ïîзâîëÿåò, êàê è â ñëóчàå 
ÒВЭ-êðèâыõ (ðèñ. 1), àïïðîêñèмèðîâàòь ýòè 
зàâèñèмîñòè àíàëîãèчíым óðàâíåíèåм: sо(T) = 
= b⋅exp(–W/(kT)), ãдå b — ïðåдýêñïîíåíцè-
àëьíыé мíîжèòåëь, è îцåíèòь ýíåðãèю àêòèâà-
цèè ñдâèãà ÒВЭ-êðèâыõ W. Из таблицы âèдíî, 
чòî зíàчåíèå W óâåëèчèâàåòñÿ ñ ðîñòîм мàññî-
âîé дîëè ñåðåбðà: îò 0,24 ýВ дëÿ чèñòîãî ZnO 
дî 0,52 ýВ дëÿ îбðàзцà ñ 2 мàñ. % Ag2O. 

Пîâышåíèå Тvac ïðèâîдèò ê óõîдó ñ ïîâåðõíî-
ñòè îбðàзцîâ êèñëîðîдà, êîòîðыé àдñîðбèðóåòñÿ 
â âèдå èîíîâ O2

–  è O– è ÿâëÿåòñÿ дëÿ ZnO àêцåï-
òîðîм [23]. Óðàâíåíèå, îòðàжàющåå дàííыé ïðî-
цåññ, мîжíî зàïèñàòь â âèдå O2

– → O2 + e– ëèбî 
2O– → O2 + 2e–, ãдå e– — ýëåêòðîí. Äåñîðбцèÿ 
фèзàдñîðбèðîâàííîãî (íåéòðàëьíîãî) êèñëîðîдà 
ïðåдñòàâëÿåòñÿ бîëåå âåðîÿòíîé â ñâÿзè ñî ñëà-
бым åãî âзàèмîдåéñòâèåм ñ àдñîðбåíòîм [23], è 
ñóщåñòâåííîãî âëèÿíèÿ íà ýëåêòðîïðîâîдíîñòь 
îí íå îêàзыâàåò. В ðåзóëьòàòå ïðîèñõîдèò ñíèжå-
íèå мåжêðèñòàëëèòíыõ ïîòåíцèàëьíыõ бàðьåðîâ 
â êåðàмèêå, ñóщåñòâîâàíèå êîòîðыõ â îñíîâíîм è 
зàâèñèò îò ñëîÿ õåмîñîðбèðîâàííîãî â зàðÿжåí-
íîé фîðмå êèñëîðîдà [23]. Óмåíьшåíèå ïîòåí-
цèàëьíыõ ýíåðãåòèчåñêèõ бàðьåðîâ, â ñâîю îчå-
ðåдь, ïðèâîдèò ê óâåëèчåíèю ïðîâîдèмîñòè [24],  
ò. ê. óдåëьíàÿ ýëåêòðîïðîâîдíîñòь ïîëóïðîâî-
дíèêà â îбъåмå зåðåí ñóщåñòâåííî бîëьшå, чåм 
êåðàмèêè â цåëîм [23, 24]. Эòèм мîжíî îбъÿñ-
íèòь õàðàêòåð зàâèñèмîñòè so(Тvac) íà ðèñ. 3 
ïðè Тvac дî 600 Ê. 

В îбëàñòè âыñîêèõ òåмïåðàòóð íàбëюдàåòñÿ 
ðåзêîå óмåíьшåíèå so ïðè óâåëèчåíèè Тvac âышå 
îïðåдåëåííыõ зíàчåíèé (íà ðèñ. 3 ýòè òîчêè îò-
мåчåíы ñòðåëêàмè), ïðèчåм зíàчåíèÿ ýòè зàâè-
ñÿò îò ñîñòàâà îбðàзцà: ïðè мåíьшåé ïëîòíîñòè 
ñíèжåíèå ýëåêòðîïðîâîдíîñòè íàчèíàåò ïðîÿâ-
ëÿòьñÿ ïðè мåíьшèõ òåмïåðàòóðàõ (ñм. Т*

vac â 
òàбëèцå). Äàííîå ñíèжåíèå îбъÿñíÿåòñÿ ëèбî 
èñïàðåíèåм ñ ïîâåðõíîñòè ZnO мåòàëëèчåñêî-
ãî цèíêà [25], ëèбî дèффóзèåé êèñëîðîдà èз 
âíóòðåííèõ îбëàñòåé зåðíà ê ïîâåðõíîñòè [26]. 

Пîñëå óêàзàííîãî ñïàдà so дàëьíåéшåå ïîâы-
шåíèå Тvac âíîâь ïðèâîдèò ê óâåëèчåíèю ýëåê-
òðîïðîâîдíîñòè (ñм. ðèñ. 3). 

Óâåëèчåíèå ýíåðãèè àêòèâàцèè W зàâèñè-
мîñòè so(Тvac) ñ ðîñòîм êîíцåíòðàцèè ñåðåбðà 
мîжíî îбъÿñíèòь òåм, чòî îíî íå òîëьêî êîí-

цåíòðèðóåòñÿ â мåжзåðåííîé фàзå [3] îêñèдíî-
цèíêîâîé êåðàмèêè, íî è ïðîíèêàåò â êðèñòàë-
ëèчåñêóю ðåшåòêó ZnO. Сîãëàñíî [6], ñåðåбðî 
îбðàзóåò â зàïðåщåííîé зîíå îêñèдà цèíêà àê-
цåïòîðíыé ýíåðãåòèчåñêèé óðîâåíь, ðàñïîëîжåí-
íыé ïðèмåðíî íà 0,2 ýВ âышå ïîòîëêà âàëåíò-
íîé зîíы. Óâåëèчåíèå êîëèчåñòâà àêцåïòîðíîé 
ïðèмåñè (ëåãèðîâàíèå) ïðèâîдèò ê ñдâèãó óðîâ-
íÿ Фåðмè âíèз (бëèжå ê âàëåíòíîé зîíå) è чà-
ñòèчíîé êîмïåíñàцèè дîíîðíыõ óðîâíåé, êîí-
òðîëèðóющèõ îбъåмíóю ïðîâîдèмîñòь êðèñòàë-
ëèòîâ ZnO. Эòî îбóñëîâëèâàåò óмåíьшåíèå èõ 
ýëåêòðîïðîâîдíîñòè. 

Зàâèñèмîñòь ýëåêòðîïðîâîдíîñòè îò дàâëå-
íèÿ, íàбëюдàåмàÿ ïðè àдñîðбцèè êèñëîðîдà îê-
ñèдîм цèíêà, îïèñыâàåòñÿ âыðàжåíèåм, èдåí-
òèчíым óðàâíåíèю èзîòåðмы Фðåéíдëèõà, чòî  
ïîÿñíÿåòñÿ ýêñïîíåíцèàëьíым ðàñïðåдåëåíèåм 
ñîñòîÿíèé àдñîðбцèè ïî ýíåðãèè [23]. Иñõîдÿ 
èз ýòîãî мîжíî ïðåдïîëîжèòь ñóщåñòâîâàíèå íå-
ïðåðыâíîãî ñïåêòðà ïîâåðõíîñòíыõ ýëåêòðîííыõ 
ñîñòîÿíèé (ПЭС) â зàïðåщåííîé зîíå ZnO, ñâÿ-
зàííыõ ñ àдñîðбцèåé êèñëîðîдà, чòî ñîãëàñóåò-
ñÿ ñ [23]. Сîãëàñíî ñòàòèñòèêå Фåðмè—Äèðàêà 
[27] âåðîÿòíîñòь зàïîëíåíèÿ ПЭС, êàê è ëюбыõ 
дðóãèõ ýëåêòðîííыõ ñîñòîÿíèé, ïðè óâåëèчåíèè 
ýíåðãèè âышå óðîâíÿ Фåðмè (EF) ñóщåñòâåííî 
óмåíьшàåòñÿ. Эòî ïðèâîдèò ê òîмó, чòî ПЭС 
âышå óðîâíÿ Фåðмè ïðàêòèчåñêè íå зàðÿжåíы 
[28, 29]. Êèñëîðîд íàõîдèòñÿ íà íèõ óжå íå â 
фîðмå èîíîâ O2

–  èëè О–, à â íåéòðàëьíîé — О2. 
Òàêèм îбðàзîм, óâåëèчåíèå ïðîâîдèмîñòè âîз-
мîжíî ëèшь ïðè дåñîðбцèè êèñëîðîдà ñ ПЭС, 
ëåжàщèõ íèжå óðîâíÿ Фåðмè ïîëóïðîâîдíè-
êà: W = (Ec – EF) + js, ãдå (Ec – EF) — ýíåð-
ãåòèчåñêîå ðàññòîÿíèå мåждó óðîâíåм Фåðмè è 
дíîм зîíы ïðîâîдèмîñòè â îбъåмå êðèñòàëëèòà 
(ãëóбèíà зàëåãàíèÿ óðîâíÿ Фåðмè).

Еñëè бы â ðàмêàõ ýêñïåðèмåíòà îòñëåжèâà-
ëàñь зàâèñèмîñòь дàâëåíèÿ â ýêñïåðèмåíòàëьíîé 
êàмåðå îò òåмïåðàòóðы âàêóóмèðîâàíèÿ, мîжíî 
быëî бы ïîëóчèòь дàííыå дëÿ ðàñчåòà ýíåðãèè 
àêòèâàцèè дåñîðбцèè фèзàдñîðбèðîâàííîãî êèñ-
ëîðîдà ñ ïîâåðõíîñòè òâåðдîãî òåëà. Ожèдàåмыå 
зíàчåíèÿ ýíåðãèè àêòèâàцèè дåñîðбцèè ó õåмî-
ñîðбèðîâàííîãî êèñëîðîдà ≥ 1 ýВ [23]. Одíàêî 
â мåòîдå ÒВЭ-êðèâыõ îòñëåжèâàåòñÿ ýëåêòðî-
ïðîâîдíîñòь îбðàзцà, êîòîðàÿ óâåëèчèâàåòñÿ â 
ðåзóëьòàòå дåñîðбцèè õåмîñîðбèðîâàííîãî êèñ-

Доля Ag2O, 
мас. %

Плотность
образца, кг/м3 Тип электродов W, эВ js, эВ Т*

vac Ec – EF, эВ

0 4360
«сэндвич» 0,26 0,23 > 640 0,03
планарные 0,24 0,20 > 670 0,04

0,1 3390
планарные

0,25 0,17 660 0,08
1,0 4070 0,31 0,18 680 0,13
2,0 3100 0,52 0,18 540 0,34

Электрофизические параметры экспериментальных образцов
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ëîðîдà. Фèêñèðóåòñÿ íå ýíåðãèÿ àêòèâàцèè дå-
ñîðбцèè êèñëîðîдà, à ýíåðãèÿ àêòèâàцèè ýëåê-
òðîííîãî îòêëèêà íà ýòîò ïðîцåññ. Пîñêîëьêó 
зíàчåíèÿ ýíåðãèè àêòèâàцèè ÒВЭ-êðèâыõ W 
(ñм. òàбëèцó) íàмíîãî мåíьшå 1 ýВ è ðàзëèчíы 
дëÿ îбðàзцîâ ñ ðàзíîé êîíцåíòðàцèåé ñåðåбðà, 
îíè íå мîãóò быòь èдåíòèфèцèðîâàíы êàê ýíåð-
ãèÿ àêòèâàцèè õåмîñîðбèðîâàííîãî êèñëîðîдà.

Пîëóчåííыå зíàчåíèÿ ýíåðãèè àêòèâàцèè 
ÒВЭ-êðèâыõ W мîжíî ïîÿñíèòь òåм, чòî ñîãëàñ-
íî ðàñïðåдåëåíèю Бîëьцмàíà дàжå ïðè íåбîëь-
шèõ òåмïåðàòóðàõ âñåãдà ñóщåñòâóåò íåêîòîðîå 
êîëèчåñòâî õåмîñîðбèðîâàííыõ èîíîâ êèñëîðî-
дà, îбëàдàющèõ ýíåðãèåé, дîñòàòîчíîé дëÿ дå-
ñîðбцèè. Пðè ðàññмîòðåíèè õåмîñîðбèðîâàííî-
ãî ñîñòîÿíèÿ êàê åдèíîé êâàíòîâî-мåõàíèчåñêîé 
ñèñòåмы, îбъåдèíÿющåé мîëåêóëó àдñîðбåíòà è 
зàõâàчåííыé ýëåêòðîí [23], ëîãèчíî ïðåдïîëî-
жèòь, чòî ñèñòåмы, â êîòîðыõ ýëåêòðîí îбëà-
дàåò бîëьшåé ýíåðãèåé, мåíåå óñòîéчèâы. Òî 
åñòь êèñëîðîд, õåмîñîðбèðîâàííыé ПЭС âбëè-
зè óðîâíÿ Фåðмè, дåñîðбèðóåòñÿ ñ ïîâåðõíîñòè 
ïîëóïðîâîдíèêà бîëåå àêòèâíî, чåм ñ бîëåå ãëó-
бîêèõ óðîâíåé. Пðè ýòîм ïðîèñõîдèò îñâîбîждå-
íèå ñ ПЭС ýëåêòðîíà, зàõâàчåííîãî ðàíåå êèñëî-
ðîдîм. Óðîâíè íèжå óðîâíÿ Фåðмè ïîчòè ïîë-
íîñòью зàïîëíåíы, чòî дåëàåò мàëîâåðîÿòíым 
ïåðåõîд ýëåêòðîíà â бîëåå íèзêî ýíåðãåòèчåñêîå 
ñîñòîÿíèå. Сàмî ñóщåñòâîâàíèå ПЭС âышå óðîâ-
íÿ Фåðмè мàëîâåðîÿòíî, ò. ê. îíî ñâÿзàíî ñ õå-
мîñîðбèðîâàííым êèñëîðîдîм, êîòîðыé фàêòè-
чåñêè èõ è ñîздàåò. Эòî ïîдòâåðждàåòñÿ дàííы-
мè î âыñîòå бàðьåðîâ â ZnO-êåðàмèêå íà âîздó-
õå (≥ 0,2 ýВ) è èõ дîàдñîðбцèîííîé âыñîòå (îêî-
ëî 0,01 ýВ) [23]. Òàêèм îбðàзîм, дëÿ ýëåêòðîíà, 
îñâîбîдèâшåãîñÿ ñ óðîâíåé, ëåжàщèõ зíàчèòåëь-
íî íèжå óðîâíÿ Фåðмè, íàèбîëåå âåðîÿòåí ïåðå-
õîд òîëьêî íà îòíîñèòåëьíî ñëàбî зàïîëíåííыå 
ñîñòîÿíèÿ âбëèзè óðîâíÿ Фåðмè, ãдå îñóщåñò-
âëÿåòñÿ èõ ïåðåзàõâàò íà ПЭС ñ ïîñëåдó ющèм 
âîзмîжíым ïåðåõîдîм íà óðîâíè зîíы ïðîâî-
дèмîñòè, òàêжå ñëàбî зàïîëíåííыå. Сëåдóåò 
îòмåòèòь, чòî ïîñëå òåðмîîбðàбîòêè â âàêóóмå 
óâåëèчèâàåòñÿ êîíцåíòðàцèÿ ýëåêòðîíîâ â зîíå 
ïðîâîдèмîñòè.

Òóííåëèðîâàíèå ýëåêòðîíîâ ñ ñîñòîÿíèé âбëè-
зè óðîâíÿ Фåðмè â зîíó ïðîâîдèмîñòè ïðåдñòàâ-
ëÿåòñÿ мàëîâåðîÿòíым â ñâÿзè ñî зíàчèòåëьíîé 
шèðèíîé îбåдíåííîé îбëàñòè (îêîëî 10–7 м ñî-
ãëàñíî ðàñчåòàм). 

Äàííàÿ мîдåëь ïîзâîëÿåò îцåíèòь ãëóбèíó зà-
ëåãàíèÿ óðîâíÿ Фåðмè ïîд дíîм зîíы ïðîâîдè-
мîñòè â îбъåмå êðèñòàëëèòîâ íåïîñðåдñòâåííî èз 
âыðàжåíèÿ W = (Ec – EF) + js (ñм. òàбëèцó). 

Иñõîдÿ èз âышåèзëîжåííîãî мîжíî ïðåдïî-
ëîжèòь, чòî ïðè ëåãèðîâàíèè ZnO дîíîðíымè 
ïðèмåñÿмè чèñëî зàïîëíåííыõ ïîâåðõíîñòíыõ 
ýëåêòðîííыõ ñîñòîÿíèé óâåëèчèâàåòñÿ, à ïðè ëå-
ãèðîâàíèè àêцåïòîðíымè — óмåíьшàåòñÿ. Эòî, â 
ñâîю îчåðåдь, дîëжíî âызâàòь óâåëèчåíèå èëè, 
ñîîòâåòñòâåííî, óмåíьшåíèå ãàзîчóâñòâèòåëьíî-
ñòè мàòåðèàëà (ïðè óñëîâèè òàêîãî жå âëèÿíèÿ 
ïðèмåñè íà дðóãèå ýëåêòðîфèзèчåñêèå ñâîéñòâà 

ïîëóïðîâîдíèêà, îò êîòîðыõ òàêжå зàâèñèò ãà-
зîчóâñòâèòåëьíîñòь). Äàííîå ïðåдïîëîжåíèå íà-
õîдèò ñâîå ïîдòâåðждåíèå â ýêñïåðèмåíòàëьíыõ 
ðàбîòàõ, íàïðèмåð â [30]. 

Выводы
Пðîâåдåííыå ýêñïåðèмåíòàëьíыå èññëåдîâà-

íèÿ ïîêàзàëè, чòî ýëåêòðîïðîâîдíîñòь îбðàзцîâ 
êåðàмèêè ZnO—Ag ñíèжàåòñÿ ïðè èõ ïðîãðåâå 
â âàêóóмå ïðè òåмïåðàòóðå, ëåжàщåé â дèàïà-
зîíå îò 540 дî 680 Ê. 

Äëÿ îбåñïåчåíèÿ âыñîêîé ãàзîчóâñòâèòåëьíî-
ñòè ïîëóïðîâîдíèêîâыõ ãàзîâыõ ñåíñîðîâ, ïðèí-
цèï дåéñòâèÿ êîòîðыõ îñíîâàí íà îêèñëåíèè àê-
òèâíîãî ãàзà íà ïîâåðõíîñòè дàòчèêà, íåîбõîдè-
мî, чòîбы ïîâåðõíîñòíыå ýëåêòðîííыå ñîñòîÿíèÿ 
быëè мàêñèмàëьíî зàïîëíåíы  èîíàмè êèñëîðî-
дà, чòî, â ñâîю îчåðåдь, дîñòèãàåòñÿ ëåãèðîâà-
íèåм мàòåðèàëîâ n-òèïà дîíîðíымè ïðèмåñÿмè.
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ВИВЧЕННЯ АÄСОРБЦІЙНИХ СÒАНІВ Ó ÊЕРАМІЦІ ZnO—Ag МЕÒОÄОМ 
ÒВЕ-ÊРИВИХ
Наведено результати експериментальних досліджень поверхневих електронних станів, обумовле-
них адсорбцією газів на поверхні газочутливої кераміки ZnO—Ag, методом термовакуумних кривих 
електропровідності. Äослідження проводилися в температурному інтервалі 300—800 К. Запропоновано 
модель, що дозволяє оцінити глибину залягання рівня Фермі в неоднорідних напівпровідникових 
матеріалах.

Ключові слова: кераміка, оксид цинку, Ag, вакуум, адсорбція, десорбція, електропровідність, рівень 
Фермі, зонна діаграма.
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STUDY OF ADSORPTION STATES IN ZnO—Ag GAS-SENSITIVE CERAMICS 
USING THE ECTV CURVES METHOD 
The ZnO—Ag ceramic system as the material for semiconductor sensors of ethanol vapors was proposed quite 
a long time ago. The main goal of this work was to study surface electron states of this system and their 
relation with the electric properties of the material. The quantity of doping with Ag2O was changed in the 
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range of 0,1–2,0% of mass. The increase of the Ag doping leads to a shift of the Fermi level down (closer 
to the valence zone). The paper presents research results on electrical properties of ZnO-Ag ceramics using 
the method of thermal vacuum curves of electrical conductivity. Changes in the electrical properties during 
heating in vacuum in the temperature range of 300—800 K were obtained and discussed. The increase of Tvac 
leads to removal of oxygen from the surface of samples The oxygen is adsorbed in the form of O2

–  and O– 
ions and is the acceptor for ZnO. This results in the lowering of the inter-crystallite potential barriers in the 
ceramic. The surface electron states (SES) above the Fermi level are virtually uncharged. The increase of the 
conductivity causes desorption of oxygen from the SES settled below the Fermi level of the semiconductor. The 
model allows evaluating the depth of the Fermi level in the inhomogeneous semiconductor materials. 

Keywords: ceramics, zinc oxide, Ag, vacuum, semiconductor, desorption, conductivity, the Fermi level, band diagram. 
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ПОЛÓЧЕНИЕ ПРИГОÄНОГО ÄЛЯ СЕНСОРИÊИ 
ПОРИСÒОГО ÊРЕМНИЯ МЕÒОÄОМ 
НЕЭЛЕÊÒРОЛИÒИЧЕСÊОГО ÒРАВЛЕНИЯ MacEtch

Пåðñïåêòèâы èñïîëьзîâàíèÿ ðàзíîîбðàзíыõ 
ïîðèñòыõ ñòðóêòóð, â чàñòíîñòè íà îñíîâå êðåм-
íèÿ, â êàчåñòâå ñåíñîðîâ бàзèðóюòñÿ â ïåðâóю 
îчåðåдь íà èñïîëьзîâàíèè óíèêàëьíыõ фèзèêî-
õèмèчåñêèõ ñâîéñòâ ýòèõ ñòðóêòóð ïî îòíîшå-
íèю ê дåòåêòèðóåмîмó âåщåñòâó. Пîñêîëьêó 
мåждó мîðфîëîãèåé íàíîñòðóêòóð è èíòåíñèâ-
íîñòью àдñîðбцèè ãàзîâ è бèîîбъåêòîâ íàбëюдà-
åòñÿ ïðÿмàÿ зàâèñèмîñòь [1—4], ñîздàíèå ïðè-
ãîдíîãî дëÿ ñåíñîðèêè êàчåñòâåííîãî мàòåðèà-
ëà ñ зàдàííымè ñâîéñòâàмè íåâîзмîжíî бåз êîí-
òðîëÿ ïàðàмåòðîâ ïðîцåññà фîðмèðîâàíèÿ ïîðè-
ñòîé ñòðóêòóðы. 

Одíèм èз îñíîâíыõ мåòîдîâ ïîëóчåíèÿ ïîðè-
ñòîãî êðåмíèÿ ïîñëåдíèå 20 ëåò ÿâëÿåòñÿ ýëåê-
òðîõèмèчåñêîå òðàâëåíèå [1]. Бëàãîдàðÿ ñâîåé 
ïðîñòîòå мåòîд шèðîêî ðàñïðîñòðàíèëñÿ, îдíàêî 
ñ åãî ïîмîщью мîжíî ïîëóчàòь ëèшь ïîðèñòыå 
мèêðî- è íàíîñòðóêòóðы ñ íåðàâíîмåðíым ðàñ-
ïðåдåëåíèåм ïîð. Эòî îãðàíèчèâàåò åãî ïðèмåíå-
íèå â îбëàñòè ïîëóчåíèÿ мàòåðèàëîâ дëÿ ñåíñî-
ðîâ, ïîñêîëьêó, êàê ïîêàзыâàюò èññëåдîâàíèÿ, 
дëÿ ýффåêòèâíîãî дåòåêòèðîâàíèÿ ðàзëèчíыõ 
мîëåêóë è бèîîбъåêòîâ ñëåдóåò èñïîëьзîâàòь íå 
ïðîñòыå ïîðèñòыå ñòðóêòóðы, à бîëåå ñëîжíыå, 
èмåющèå ðàзíîîбðàзíóю мîðфîëîãèю ïîâåðõíî-
ñòè — íàíîâèñêåðы, ïîðы, ðàñïîëîжåííыå íà 
îïðåдåëåííîм ðàññòîÿíèè дðóã îò дðóãà, íàíî-
ïèðàмèды è ò. д. Пîëóчàòь òàêèå ñòðóêòóðы ïî-
зâîëÿåò мåòîд õèмèчåñêîãî íåýëåêòðîëèòèчåñêî-
ãî òðàâëåíèÿ MacEtch (metal-assisted chemical 
etching) [5—7]. Сóòь ýòîãî мåòîдà зàêëючàåò-
ñÿ â òîм, чòî êðåмíèåâàÿ ïîдëîжêà ïîêðыâàåò-
ñÿ ïðåðыâèñòым ñëîåм бëàãîðîдíîãî мåòàëëà è 
ïîдâåðãàåòñÿ òðàâëåíèю â ðàñòâîðå ïëàâèêîâîé 
êèñëîòы (HF) è îêèñëÿющåãî ðåàãåíòà, â êàчå-
ñòâå êîòîðîãî чàщå âñåãî èñïîëьзóюò ïåðåêèñь 
âîдîðîдà (H2O2). Пðè ýòîм êðåмíèé, íàõîдÿ-
щèéñÿ ïîд ñëîåм мåòàëëà, òðàâèòñÿ íàмíîãî бы-

Для получения микро- и наноструктур пористого кремния предлагается использовать метод  
не электролитического травления MacEtch (metal assisted chemical etching). Представлены резуль-
таты исследования морфологии структур, полученных при разных параметрах процессов осажде-
ния и травления, и показана возможность их использования в качестве сенсоров газов и биологиче-
ских объектов.

Клþчевые слова: пористый кремний, неэлектролитическое (химическое) травление.

ñòðåå, чåм чèñòàÿ Si-ïîâåðõíîñòь, ïîñêîëьêó чà-
ñòèцы мåòàëëà ïðîíèêàюò â êðåмíèé, ãåíåðèðóÿ 
ïîðы èëè бîëåå ñëîжíыå ñòðóêòóðы (íàïðèмåð, 
êâàíòîâыå íèòè). Оñîбåííîñòè ãåîмåòðèè ïîëó-
чåííыõ ñòðóêòóð зàâèñÿò â îñíîâíîм îò íàчàëь-
íîé мîðфîëîãèè мåòàëëèчåñêîãî ïîêðыòèÿ ïî-
âåðõíîñòè è îò óñëîâèÿ ïðîòåêàíèÿ ðåàêцèé. 

Òàêèм îбðàзîм, мåòîдîм MacEtch мîжíî ïî-
ëóчàòь бîëåå шèðîêèé ñïåêòð íàíîñòðóêòóð зà-
дàííîé мîðфîëîãèè. Эòî, â ñâîю îчåðåдь, ïîзâî-
ëÿåò ïîâыñèòь ñåëåêòèâíîñòь ïîðèñòîãî мàòåðè-
àëà ê îïðåдåëåííîмó âèдó мîëåêóë è бèîîбъåê-
òîâ. Òàê, åñëè бèîîбъåêò (âèðóñ, бàêòåðèÿ) èмååò 
ðàзмåðы ïîðÿдêà 10 мêм, òî дëÿ åãî ýффåêòèâ-
íîãî îбíàðóжåíèÿ íåîбõîдèмы ñòðóêòóðы (íà-
ïðèмåð, ïîðы) ñ òàêèмè жå ðàзмåðàмè. Êðîмå 
òîãî, â êàчåñòâå мàòåðèàëà дëÿ дåòåêòîðîâ ÄНÊ 
è ãàзîâыõ мîëåêóë ñåéчàñ àêòèâíî èñïîëьзóюò 
íàíîâèñêåðы, êîòîðыå íå óдàåòñÿ ïîëóчàòь ýëåê-
òðîõèмèчåñêèм мåòîдîм. Сфîðмèðîâàííыé мåòî-
дîм MacEtch íàíîñòðóêòóðèðîâàííыé êðåмíèé 
мîжåò быòь èñïîëьзîâàí â êàчåñòâå ýффåêòèâ-
íîãî мàòåðèàëà дëÿ дàòчèêîâ ãàзîâ è бèîîбъåê-
òîâ. Одíàêî â èзâåñòíыõ àâòîðó ëèòåðàòóðíыõ 
èñòîчíèêàõ íåò óïîмèíàíèé îб èññëåдîâàíèÿõ, 
íàïðàâëåííыõ íà ïîèñê ïàðàмåòðîâ óïðàâëåíèÿ 
ïðîцåññîм ïîëóчåíèÿ òàêîãî êðåмíèÿ. Пîýòîмó 
â ïðîдîëжåíèå [8] â íàñòîÿщåé ðàбîòå èзóчåíы 
õàðàêòåðèñòèêè ñòðóêòóð ïîðèñòîãî êðåмíèÿ, ïî-
ëóчåííîãî мåòîдîм MacEtch ïðè ðàзíыõ óñëîâè-
ÿõ, à òàêжå ïðîàíàëèзèðîâàíà âîзмîжíîñòь èõ 
èñïîëьзîâàíèÿ â êàчåñòâå ñåíñîðîâ ãàзîâ è бèî-
ëîãèчåñêèõ îбъåêòîâ.

Получение образцов для исследований
Вîзмîжíыå ðåàêцèè, ïðîòåêàющèå ïðè ðå-

àëèзàцèè ïðîцåññà MacEtch àíàëîãèчíы ðåàê-
цèÿм ïðè ýëåêòðîõèмèчåñêîм òðàâëåíèè â HF 
[9—12]. Изâåñòíî, чòî H2O2 ðàñïàдàåòñÿ íà ïî-



Òåõíîëîãèÿ è êîíñòðóèðîâàíèå â ýëåêòðîííîé àïïàðàòóðå, 2013, ¹ 6
53

МАТЕРИАЛЫ ЭЛЕКТРОНИКИМАТЕРИАЛЫ ЭЛЕКТРОНИКИ

âåðõíîñòè мåòàëëà ïî ñëåдóющåé ðåàêцèè (êà-
òîдíàÿ ðåàêцèÿ):

H2O2+2H+→2Н2О+2h+.                             (1)

Сóщåñòâóåò ïðåдïîëîжåíèå, чòî ñíèжåíèå 
êîëèчåñòâà ïðîòîíîâ â âîдîðîдå âызâàíî дåé-
ñòâèåм дðóãîé êàòîдíîé ðåàêцèè, â дîïîëíåíèå 
ê ðåàêцèè (1):

2H+→H2↑+2h+.                                        (2)

Êðåмíèåâàÿ ïîдëîжêà, ïðåдñòàâëÿющàÿ ñî-
бîé àíîд, îêèñëÿåòñÿ è ðàñòâîðÿåòñÿ. Äëÿ îïè-
ñàíèÿ ýòîãî ïðîцåññà ïðåдëàãàåòñÿ мíîжåñòâî 
мîдåëåé ðàñòâîðåíèÿ êðåмíèÿ, êîòîðыå óñëîâíî 
мîжíî ðàздåëèòь íà òðè ãðóïïы [12]:

1) ïðÿмîå ðàñòâîðåíèå Si â чåòыðåõâàëåíò-
íîм ñîñòîÿíèè 

Si+4h++4HF→SiF4+4H+,                           (3)

SiF4+2HF→H2SiF6;                                  (4)

2) ïðÿмîå ðàñòâîðåíèå Si â дâóõâàëåíòíîм 
ñîñòîÿíèè 

Si+4HF–→SiF–
2+2HF+H2↑+2e–;                  (5)

3) îêèñëåíèå Si ñ ïîñëåдóющèм ðàñòâîðå íèåм 
îêñèдà  

Si+2H2O→SiO2+4H++4e–,                          (6)

SiO2+6HF→H2SiF6+2H2O.                         (7)

Мîдåëь 2 ñïðàâåдëèâà, ïîñêîëьêó âîдîðîд 
âыдåëÿåòñÿ è ïðè îбычíîм òðàâëåíèè. Одíàêî 
ðåàëèзóåòñÿ è мîдåëь 3, ïî êîòîðîé îêñèд îб-
ðàзóåòñÿ íà ïîâåðõíîñòè êðåмíèåâîé ïîдëîжêè 
дî ðàñòâîðåíèÿ Si è âыдåëåíèå âîдîðîдà ïðî-
èñõîдèò îдíîâðåмåííî ñ ðàñòâîðåíèåм Si. В 
[12] ïðåдïîëàãàåòñÿ, чòî ïðè íåýëåêòðîëèòèчå-
ñêîм òðàâëåíèè ïðîèñõîдèò ñмåшàííàÿ ðåàêцèÿ, 
âêëючàющàÿ â ñåбÿ дâóõ- è чåòыðåõâàëåíòíîå 
ðàñòâîðåíèå êðåмíèÿ:

Si+6HF+nh+→H2SiF6+nH++(4–n)/2H2↑,      (8)

è îбщàÿ ðåàêцèÿ èмååò âèд

Si+(n/2)H2O2+6HF→nH2O+H2SiF6+(4–n)/2H2. (9)

Иñõîдÿ èз àíàëèзà ñêîðîñòè òðàâëåíèÿ ïàðàмåòð 
n ïðèíèмàюò ðàâíым 3.

Äëÿ îêèñëåíèÿ è àíîдíîãî ðàñòâîðåíèÿ êðåм-
íèÿ íåîбõîдèм ïåðåíîñ зàðÿдà, êîòîðыé îñó-
щåñòâëÿюò дыðêè, ãåíåðèðóåмыå â ïðîцåññå õè-
мèчåñêîãî òðàâëåíèÿ. В êàчåñòâå êàòîдà, íà êî-
òîðîм ïðîèñõîдèò îêèñëåíèå ïî ðåàêцèè (1), 
âыñòóïàюò мèêðîñêîïèчåñêèå чàñòèцы бëàãî-
ðîдíîãî мåòàëëà.

Мíîãèå ÿâëåíèÿ ïðè òðàâëåíèè мåòîдîм 
MacEtch мîжíî êàчåñòâåííî îбъÿñíèòь èíжåê-
цèåé дыðîê, îбðàзîâàâшèõñÿ â мåòàëëå, â êðåм-
íèåâóю ïîдëîжêó è дèффóзèåé дыðîê â êðåм-
íèé [10]. Сîîòâåòñòâåííî, àòîмы êðåмíèÿ ïîд 
мåòàëëèчåñêèм ñëîåм îêèñëÿюòñÿ зà ñчåò èí-

жåêцèè дыðîê è ðàñòâîðÿюòñÿ ïîд дåéñòâèåм 
HF — ïðîèñõîдèò àíîдíàÿ ðåàêцèÿ (3).

В íàшèõ ýêñïåðèмåíòàõ дëÿ ïîëóчåíèÿ îб-
ðàзцîâ быëè èñïîëьзîâàíы ïëàñòèíы êðåмíèÿ 
p-òèïà îðèåíòàцèè (100) ñ ðàзëèчíîé êîíцåí-
òðàцèåé ëåãèðóющåé ïðèмåñè. Пîñëå ïðîâåдåíèÿ 
ñòàíдàðòíîé RCA-îчèñòêè íà ïëàñòèíы îñàждà-
ëè чàñòèцы ñåðåбðà, ïîãðóжàÿ èõ íà êîðîòêîå 
âðåмÿ (toc) â ðàñòâîð AgNO3:HF:H2O. В ýêñïå-
ðèмåíòàõ быëè èñïîëьзîâàíы ðàñòâîðы ñ дâó-
мÿ зíàчåíèÿмè мîëÿðíîé êîíцåíòðàцèè ñåðåбðà  
СmAg — 10–3 è 10–2 мîëь/ë. 

Äàëåå ïëàñòèíы ñ îñàждåííымè чàñòèцàмè ñå-
ðåбðà ïîмåщàëè â ðàñòâîð H2O2:H2O:HF ñ ðàз-
ëèчíым ñîдåðжàíèåм îêèñëèòåëÿ H2O2 дëÿ òðàâ-
ëåíèÿ íà âðåмÿ tòð, ðàâíîå 5—15 мèí.

Исследование морфологии полученных 
образцов

В õîдå ýêñïåðèмåíòà быëè ïîëóчåíы îбðàз-
цы êðåмíèÿ ñ ðàзëèчíîé мîðфîëîãèåé ïîâåðõíî-
ñòè. Нà рис. 1 ïðåдñòàâëåíы АСМ-èзîбðàжåíèÿ 

Рèñ. 1. АСМ-èзîбðàжåíèå ïîâåðõíîñòè îбðàзцîâ, ïî-
ëóчåííыõ ïðè ðàзíîм âðåмåíè îñàждåíèÿ è òðàâëåíèÿ 

(СmAg=10–3 мîëь/ë; H2O2:H2O:HF=10:80:40)
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ïîâåðõíîñòè îбðàзцîâ, ïîëóчåííыõ ïðè ðàзíîé 
дëèòåëьíîñòè ïðîцåññîâ îñàждåíèÿ è òðàâëå-
íèÿ. Оñàждåíèå ñåðåбðà ïðîâîдèëîñь èз ðàñ-
òâîðà AgNO3:HF:H2O ñ мîëÿðíîé êîíцåíòðà-
цèåé СmAg=10–3 мîëь/ë, òðàâëåíèå — â ðàñòâî-
ðå îêèñëèòåëÿ H2O2:H2O:HF=10:80:40. Êàê âèд-
íî èз ðèñ. 1, а, ïðè бîëьшåм âðåмåíè îñàждå-
íèÿ (toc=6 мèí) íà ïîâåðõíîñòè îбðàзцà ïîñëå 
òðàâëåíèÿ âîзíèêàюò ðàâíîмåðíî ðàñïðåдåëåí-
íыå ïîðы â âèдå êðàòåðîâ ïðèбëèзèòåëьíî îдè-
íàêîâыõ ðàзмåðîâ (1,4—1,6 мêм â дèàмåòðå). 
Пðè мàëîм âðåмåíè îñàждåíèÿ (toc=1 мèí) чà-
ñòèцы ñåðåбðà îñàждàюòñÿ íà ïîâåðõíîñòь êðåм-
íèÿ íåðàâíîмåðíî, è èз ðèñ. 1, б мîжíî óâèдåòь, 
чòî îбðàзóющèåñÿ ïîñëå òðàâëåíèÿ ïîðы èмåюò 
бîëьшîé ðàзбðîñ ïî ðàзмåðàм è ïî фîðмå, à èõ 
ðàñïðåдåëåíèå ïî ïîâåðõíîñòè íå íîñèò óïîðÿ-
дîчåííыé õàðàêòåð.

Óâåëèчåíèå êîíцåíòðàцèè Н2O2 ïðèâîдèò ê 
óâåëèчåíèю êîíцåíòðàцèè èíжåêòèðóåмыõ â ïîд-
ëîжêó дыðîê (ðåàêцèÿ (1)) è, êàê ñëåдñòâèå, ê 
ðàñòðàâëèâàíèю ïîâåðõíîñòè â îêðåñòíîñòè òîч-
êè íàõîждåíèÿ чàñòèцы ñåðåбðà, ò. å. ê бîëåå èí-
òåíñèâíîмó ïðîцåññó òðàâëåíèÿ. Иññëåдîâàíèÿ 
ïîêàзàëè, чòî óâåëèчåíèå êîíцåíòðàцèè îêèñëè-
òåëÿ (H2O2:H2O:HF=15:80:40) ïðèâîдèò ê èзмå-
íåíèю мîðфîëîãèè ïîâåðõíîñòè êðåмíèÿ — îò 
îòдåëьíыõ ïîð â âèдå êðàòåðîâ дî ðàзâèòîé ïî-
ðèñòîé ñòðóêòóðы (рис. 2) ñ ðàзмåðàмè ýëåмåí-
òîâ (ïîð, îñòðîâêîâ) ïîðÿдêà 50—200 íм â зàâè-
ñèмîñòè îò âðåмåíè îñàждåíèÿ ñåðåбðà. Òî åñòь, 
èзмåíÿÿ êîíцåíòðàцèю îêèñëèòåëÿ, мîжíî ïîëó-
чàòь ðàзëèчíóю ñòðóêòóðó ïîâåðõíîñòè êðåмíèÿ. 

Äëÿ âыÿâëåíèÿ зàâèñèмîñòè мîðфîëîãèè ïîëó-
чåííыõ ñòðóêòóð îò êîíцåíòðàцèè ñåðåбðà â ðàñ-
òâîðå дëÿ îñàждåíèÿ быë èñïîëьзîâàí ðàñòâîð 
AgNO3, мîëÿðíàÿ êîíцåíòðàцèÿ êîòîðîãî быëà 
óâåëèчåíà íà ïîðÿдîê è ñîñòàâèëà 10–2 мîëь/ë. 
В ðåзóëьòàòå бîëåå èíòåíñèâíîãî ïðîцåññà îñàж-

дåíèÿ è êîíдåíñàцèè чàñòèц ñåðåбðà бîëьшèõ 
ðàзмåðîâ îбðàзîâàëàñь мàêðîïîðèñòàÿ ïîâåðõ-
íîñòь (рис. 3). Сðåдíèé ðàзмåð ïîð ñîñòàâëÿë 
10—25 мêм. Сëåдóåò îòмåòèòь, чòî мåòîдîм ýëåê-
òðîõèмèчåñêîãî òðàâëåíèÿ ïîдîбíыå ñòðóêòó-
ðы íå мîãóò быòь ïîëóчåíы íè ïðè êàêèõ óñëî-
âèÿõ, îдíàêî èмåííî êðåмíèé ñ мàêðîïîðèñòîé 
ïîâåðõíîñòью мîжåò èñïîëьзîâàòьñÿ â êàчåñòâå 
мàòåðèàëà дëÿ ïðîèзâîдñòâà ýффåêòèâíыõ îïòè-
чåñêèõ дàòчèêîâ ãàзîâ [13].

 Заключение 
Иññëåдîâàíèÿ ïîêàзàëè, чòî â зàâèñèмîñòè îò 

ïàðàмåòðîâ ïðîцåññîâ îñàждåíèÿ чàñòèц ñåðåбðà 
è òðàâëåíèÿ êðåмíèåâыõ ïëàñòèí мîðфîëîãèÿ 
ïîëóчåííîé ïîâåðõíîñòè мîжåò быòь ðàзëèчíîé. 
Эòî мîãóò быòь è îòдåëьíыå ïîðы â âèдå êðàòå-
ðîâ, è ðàзâèòàÿ ïîðèñòàÿ èëè жå мàêðîïîðèñòàÿ 
ïîâåðõíîñòь. Пîëóчåííыå ðåзóëьòàòы óêàзыâà-
юò íà òî, чòî мåòîд òðàâëåíèÿ MacEtch ÿâëÿåò-
ñÿ ïåðñïåêòèâíым дëÿ ïîëóчåíèÿ мèêðî- è íà-
íîñòðóêòóð ïîðèñòîãî êðåмíèÿ, ïðèãîдíîãî дëÿ 
ýффåêòèâíîãî èñïîëьзîâàíèÿ â êàчåñòâå ñåíñî-
ðîâ ãàзîâ è бèîëîãèчåñêèõ îбъåêòîâ.
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OBTAINING POROUS SILICON SUITABLE FOR SENSOR  
TECHNOLOGY USING MacEtch NONELECTROLYTIC ETCHING
The author suggests to use the etching method MacEtch (metal-assisted chemical etching) for production of 
micro- and nanostructures of porous silicon. The paper presents research results on the morphology structures 
obtained at different parameters of deposition and etching processes. The research has shown that, depending 
on the parameters of deposition of silver particles and silicon wafers etching, the obtained surface morphology 
may be different. There may be both individual crater-like pores and developed porous or macroporous sur-
face. These results indicate that the MacEtch etching is a promising method for obtaining micro-porous silicon 
nanostructures suitable for effective use in gas sensors and biological object sensors.

Keywords: porous silicon, nonelectrolytic etching.

І. Р. ЯЦУНСЬКИЙ 

Óêðàїíà, Одåñьêèé íàціîíàëьíèé óíіâåðñèòåò ім. І. І. Мåчíèêîâà
E-mail: yatsunskiy@gmail.com

ОÒРИМАННЯ ПРИÄАÒНОГО ÄЛЯ СЕНСОРИÊИ ПОРИСÒОГО  
ÊРЕМНІЮ МЕÒОÄОМ НЕЕЛЕÊÒРОЛІÒИЧНОГО ÒРАВЛЕННЯ MacEtch
Для отримання мікро- та наноструктур пористого кремніþ пропонується використовувати метод не-
електролітичного травлення MacEtch (metal assisted chemical etching). Надано результати дослідження 
морфології структур, отриманих при різних параметрах процесів осадження і травлення, та показана 
можливість їх використання як сенсорів газів і біологічних об’єктів.

Клþчові слова: пористий кремній, неелектролітич не (хімічне) травлення.
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