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�áá«¥¤®¢ « áì ¯¥à¥áâà®©ª  à ¤¨ æ¨®ëå ¤¥ä¥ªâ®¢ ¢ p+−n−n+-áâàãªâãà å   ®á®¢¥ ¢ëá®ª®-
®¬®£® n-Si ¯à¨ æ¨ª«¨ç¥áª®¬ ®¡«ãç¥¨¨ ¨ ®â¦¨£¥. �à®  «¨§¨à®¢   ª¨¥â¨ª  à®áâ  ª®æ¥âà æ¨¨
¤¥ä¥ªâ®¢ Ci−Oi ¢ § ¢¨á¨¬®áâ¨ ®â â¥å®«®£¨¨ ¨§£®â®¢«¥¨ï áâàãªâãà. �à¨ ¯®¢â®à®¬ ®¡«ãç¥¨¨ ®¡-
 àã¦¥  ¯¥à¥áâà®©ª  ¯à¨ ª®¬ â®© â¥¬¯¥à âãà¥ ¤¥ä¥ªâ®¢, ®¡à §®¢ ¢è¨åáï ¢ à¥§ã«ìâ â¥ ®â¦¨£ 
¯¥à¢¨çëå à ¤¨ æ¨®ëå ¤¥ä¥ªâ®¢. �ëï¢«¥® ¢®§¨ª®¢¥¨¥ ”áªàëâëå” ¨áâ®ç¨ª®¢ ä®à¬¨à®¢ ¨ï
£«ã¡®ª¨å æ¥âà®¢. �áâ ®¢«¥®, çâ®  «¨ç¨¥ ¡®«¥¥ ¢ëá®ª®© ª®æ¥âà æ¨¨ ª¨á«®à®¤ , ¢®§¨ªè¥©
¢ ®¡à §æ å ¢ à¥§ã«ìâ â¥ ¤«¨â¥«ì®£® ¯à®æ¥áá  ®ªá¨«¥¨ï ªà¥¬¨ï, ¢ë§ë¢ ¥â ¡®«¥¥  ªâ¨¢®¥

ª®¬¯«¥ªá®®¡à §®¢ ¨¥ ã£«¥à®¤á®¤¥à¦ é¨å ¤¥ä¥ªâ®¢ ¯® áà ¢¥¨î á ®¡à §æ ¬¨ á ¯®¨¦¥ë¬

á®¤¥à¦ ¨¥¬ ª¨á«®à®¤ .

�§¬¥¥¨¥ á¢®©áâ¢ ¯®«ã¯à®¢®¤¨ª®¢ëå ¯à¨¡®à®¢

¯®¤ ¢®§¤¥©áâ¢¨¥¬ à ¤¨ æ¨®®£® ®¡«ãç¥¨ï ï¢«ï¥â-
áï ¥á®¬¥® ¢ ¦®© ¯à®¡«¥¬®© ¢ á¢ï§¨ á àï¤®¬

¯à ªâ¨ç¥áª¨å ¯à¨¬¥¥¨©. �§¢¥áâ®, çâ® ª®¬¯¥á -
æ¨ï ¯à¨¬¥á¥© ¨ ¤¥ä¥ªâ®¢ ¢ ®¡ê¥¬¥ ¯®«ã¯à®¢®¤¨ª 

à ¤¨ æ¨®ë¬¨ ¤¥ä¥ªâ ¬¨ ¯à¨¢®¤¨â ª à¥§ª®¬ã ¢®§-
à áâ ¨î ¥£® ã¤¥«ì®£® á®¯à®â¨¢«¥¨ï ¨ ¨§¬¥¥¨î

íää¥ªâ¨¢®© ª®æ¥âà æ¨¨ § àï¤  ¢ ®¡« áâ¨ ¯à®-
áâà áâ¢¥®£® § àï¤  (���). � ¤¥â¥ªâ®à å ï¤¥à-
®£® ¨§«ãç¥¨ï   ®á®¢¥ ¢ëá®ª®®¬®£® ªà¥¬¨ï,
¯à¥¤¯®« £ ¥¬ëå ª ¨á¯®«ì§®¢ ¨î ¢ ¬®éëå à ¤¨ -
æ¨®ëå ¯®«ïå, ¢®§¨ª ¥â íää¥ªâ ”®âà¨æ â¥«ì®£®”
®â¦¨£  [1]. �®ïâ¨¥ ®âà¨æ â¥«ì®£® ®â¦¨£  ¢ª«î-
ç ¥â ¨§¬¥¥¨¥ íää¥ªâ¨¢®© ª®æ¥âà æ¨¨ § àï¤ 

¢ ��� ¯à¨ åà ¥¨¨ ¤¨®¤ , à ¥¥ ¯®¤¢¥à£ãâ®£®

á¨«ì®¬ã à ¤¨ æ¨®®¬ã ¢®§¤¥©áâ¢¨î. � ë© íä-
ä¥ªâ ¤¥â «ì® ¨áá«¥¤®¢ «áï ¢ íªá¯¥à¨¬¥â å ¯à¨

¢®§¤¥©áâ¢¨¨ ¯à®¨ª îé¨å ¨§«ãç¥¨© ( ¯à¨¬¥à, ¡ë-
áâàëå ¥©âà®®¢ á í¥à£¨¥© 1�í�) [2,3]. �¢«¥¨¥

®âà¨æ â¥«ì®£® ®â¦¨£  á¢ï§ ® á ¥áâ ¡¨«ì®áâìî

à ¤¨ æ¨®ëå ¤¥ä¥ªâ®¢ (��), ¢®§¨ª îé¨å ¥¯®-
áà¥¤áâ¢¥® ¯®á«¥ ®¡«ãç¥¨ï, ®¤ ª® ¢  áâ®ïé¥¥

¢à¥¬ï ¥£® ®¤®§ ç®¥ ®¡êïá¥¨¥ ®âáãâáâ¢ã¥â.

�®à®è® ¨§¢¥áâ®, çâ®  ¨¡®«¥¥  ªâ¨¢ë¬¨ ¯à¨¬¥-
áï¬¨, ãç áâ¢ãîé¨¬¨ ¢ ä®à¬¨à®¢ ¨¨ ��, ï¢«ïîâáï
ª¨á«®à®¤ ¨ ã£«¥à®¤. �®á«¥¤¨© ¢å®¤¨â ¢ á®áâ ¢ à -
¤¨ æ¨®ëå £«ã¡®ª¨å æ¥âà®¢ (��), ¥ ®¡« ¤ îé¨å
¢ëá®ª®© áâ ¡¨«ì®áâìî,   â ª¦¥ ¨¬¥îé¨å ¬¥â áâ -
¡¨«ìãî ¯à¨à®¤ã [4,5]. �á¥ íâ® ¯®§¢®«ï¥â ¯à¥¤¯®-
« £ âì ®â¢¥âáâ¢¥®áâì ã£«¥à®¤á®¤¥à¦ é¨å æ¥âà®¢

à ¤¨ æ¨®®© ¯à¨à®¤ë §  ¨§¬¥¥¨¥ å à ªâ¥à¨áâ¨ª

ªà¥¬¨¥¢ëå ¯à¨¡®à®¢ ã¦¥ ¯®á«¥ ¢®§¤¥©áâ¢¨ï à ¤¨ -
æ¨¨.

� ¥¥ [6,7]  ¬¨ ¨áá«¥¤®¢ «®áì ¢«¨ï¨¥ ¬ â¥à¨ « 
¨ â¥å®«®£¨¨ ¨§£®â®¢«¥¨ï ªà¥¬¨¥¢ëå ¤¥â¥ªâ®à®¢

  ®á®¡¥®áâ¨ ¯¥à¥áâà®©ª¨ ��, á¢ï§ ëå á ã£«¥à®-
¤®¬. �á®¢®¥ ¢¨¬ ¨¥ ã¤¥«ï«®áì áª®à®áâ¨ ®â¦¨£ 
�� ¬¥¦ã§¥«ì®£® ã£«¥à®¤  (Ci), ®¡à §ãîé¨åáï ¢

à¥ ªæ¨¨ § ¬¥é¥¨ï á ¯¥à¢¨çë¬¨ à ¤¨ æ¨®ë¬¨

¤¥ä¥ªâ ¬¨ — ¬¥¦ã§¥«ìë¬ ªà¥¬¨¥¬. �  áâ®ïé¥©

à ¡®â¥ à áá¬ âà¨¢ ¥âáï ¯®¢¥¤¥¨¥ ¤¥ä¥ªâ®¢, ¢®§¨-
ª îé¨å ¢ à¥§ã«ìâ â¥ ®â¦¨£  ¬¥¦ã§¥«ì®£® ã£«¥à®¤ 

¯à¨ â¥¬¯¥à âãà å, ¡«¨§ª¨å ª ª®¬ â®©,   â ª¦¥

¯®á«¥ â¥à¬¨ç¥áª¨å ®â¦¨£®¢ ¢ ¤¨ ¯ §®¥ 250−400◦C.

�ªá¯¥à¨¬¥â «ìë¥ ®¡à §æë ¨ ¬¥â®¤¨ª 

íªá¯¥à¨¬¥â 

� à ¡®â¥ ¨áá«¥¤®¢ «¨áì ¤¥â¥ªâ®àë   ®á®-
¢¥ p+−n−n+-áâàãªâãà, ¨§£®â®¢«¥ë¥ ¨§ ªà¥¬-
¨ï, ¯®«ãç¥®£® §®®© ¯« ¢ª®© (FZ-Si), n-
â¨¯  ¯à®¢®¤¨¬®áâ¨, á ã¤¥«ìë¬ á®¯à®â¨¢«¥¨¥¬

ρ = 1÷ 5 ª�¬ · á¬, ¯à®¨§¢®¤¨â¥«¨ Si — Wacker Chemi-
tronics (ρ = 5 ª�¬ · á¬) ¨ Freiberg Elektronikwerkstoffe
GmbH (ρ = 1 ÷ 2 ª�¬ · á¬). �«®é ¤ì p+−n-¯¥à¥å®¤ 
á®áâ ¢«ï«  25¬¬2, â®«é¨ë ®¡à §æ®¢ — 300¬ª¬. �¥-
â¥ªâ®àë ¨§£®â ¢«¨¢ «¨áì ¬¥â®¤ ¬¨ ¯«  à®© â¥å®-
«®£¨¨. �á®¡¥®áâ¨ â¥å®«®£¨ç¥áª¨å à¥¦¨¬®¢ ¯à¥¤-
áâ ¢«¥ë ¢ â ¡«. 1.

�¡à §æë ®¡«ãç «¨áì α-ç áâ¨æ ¬¨ à ¤¨ ªâ¨¢®-
£® ¨áâ®ç¨ª  238Pu (í¥à£¨ï 5.5�í�) á® áâ®à®ë

p+-ª®â ªâ . �«ï áâ ¡¨«¨§ æ¨¨ ¤¥ä¥ªâ®¢ ®¡«ãç¥¨¥
¯à®¢®¤¨«®áì ¢ ¢ ªãã¬¥ ¯à¨ ¯®¨¦¥®© â¥¬¯¥à âãà¥

(∼ 180 K). �¥¦¤ã ¨§¬¥à¥¨ï¬¨ ®¡à §æë â ª¦¥ åà -
¨«¨áì ¢ ®å« ¦¤¥®¬ á®áâ®ï¨¨. �®§  ®¡«ãç¥¨ï

á®áâ ¢«ï«  109 á¬−2.

�«ï  ¡«î¤¥¨ï ¨§¬¥¥¨© �� ¨á¯®«ì§®¢ « áì

ãáâ ®¢ª  DLTS á à ¡®ç¥© ç áâ®â®© 100ª�æ ¨ ®ª®¬
áª®à®áâ¥© (41.7¬á)−1.

235



236 �.�. �¥à¡¨æª ï, �.�. �à¥¬¨, �.�. �¢ ®¢, �. �¨, �. �¬¨¤â

� ¡«¨æ  1. �ëá®ª®â¥¬¯¥à âãàë¥ ¢®§¤¥©áâ¢¨ï   ®¡à §¥æ ¯à¨ ®ª¨á«¥¨¨

�¡à §¥æ
�¥¬¯¥à âãà 

�â¬®áä¥à 
�®«é¨  �ª®à®áâì

®ª¨á«¥¨ï, ◦ C ®ª¨á« , Å ®â¦¨£  Ci

BNL 213 1100 O2+TCA 4500 ¡ëáâà ï

BNL 268-A8 975 O2 2500 áà¥¤ïï

FZR 2-1 1000 O2+3% HCl 1000 ¬¥¤«¥ ï

�à¨¬¥ç ¨¥. TCA — âà¨å«®àíâ .

� ¡«¨æ  2. � à ¬¥âàë £«ã¡®ª¨å ãà®¢¥©

�¨¯ ãà®¢ï �¥à£¨ï ãà®¢ï �¥ç¥¨¥ § å¢ â  σn, σp, á¬
−2

E1 Ec − 0.18 í� 2 · 10−14

E2 Ec − 0.21 í� 5 · 10−16

E3 Ec − 0.40 í� 2 · 10−16

H0 Ev + 0.27 í� 7 · 10−14

H1 Ev + 0.33 í� 9 · 10−14

H2 Ev + 0.40 í� 3 · 10−14

H3 Ev + 0.22 í� 7 · 10−17

�à¨¬¥ç ¨¥. �«ï E1, E2 ¨ E3 ¯à¨¢¥¤¥ë § ç¥¨ï σn, ¤«ï ®áâ «ìëå — σp.

�ªá¯¥à¨¬¥â «ìë¥ à¥§ã«ìâ âë

¨ ®¡áã¦¤¥¨¥

DLTS-á¯¥ªâà, ¨§¬¥à¥ë© ¢ à¥¦¨¬¥ ¨¦¥ªæ¨¨ ¥-

®á®¢ëå ®á¨â¥«¥©, å à ªâ¥àë© ¤«ï ¤¥â¥ªâ®à®¢

¨§ ¢ëá®ª®®¬®£® ªà¥¬¨ï, ®¡«ãç¥ëå α-ç áâ¨æ ¬¨,

¨ ¯ à ¬¥âàë ¢®§¨ª îé¨å �� ¯à¥¤áâ ¢«¥ë  

à¨á. 1, a ¨ ¢ â ¡«. 2. �¤¥áì E1 — æ¥âà, áä®à¬¨à®¢ -

ë©   ®á®¢¥ ¤¢ãå à ¤¨ æ¨®ëå ¤¥ä¥ªâ®¢, ¨¬¥®

A-æ¥âà  (¢ ª á¨ï–ª¨á«®à®¤) ¨ CiCs (¬¥¦ã§¥«ìë©

ã£«¥à®¤–ã£«¥à®¤ ¢ ã§«¥ ªà¨áâ ««¨ç¥áª®© à¥è¥âª¨);

E3 — ®¤®§ àïà¤ ï ¤¨¢ ª á¨ï V V −; H1 — Ci;

H2 —CiOi (¬¥¦ã§¥«ìë© ã£«¥à®¤–¬¥¦ã§¥«ìë© ª¨-

á«®à®¤). � ª ®â¬¥ç «®áì ¢ [7], ¤¥â¥ªâ®àë ¨§ FZ-Si

¯® áª®à®áâ¨ ®â¦¨£  ¬¥¦ã§¥«ì®£® ã£«¥à®¤  ¬®£ãâ

¡ëâì ¯®¤à §¤¥«¥ë   ”¡ëáâàë¥”, ”áà¥¤¨¥” ¨ ”¬¥-

¤«¥ë¥”, çâ® á¢ï§ ® á â¥å®«®£¨ç¥áª¨¬¨ ®á®¡¥®-

áâï¬¨ ¨§£®â®¢«¥¨ï ¯à¨¡®à®¢. � ç áâ®áâ¨, ¡ëáâàë¥

®¡à §æë ä®à¬¨àãîâáï ¯à¨ ¤«¨â¥«ì®¬ ¯à®æ¥áá¥ ®ª¨-

á«¥¨ï ¯à¨ ¯®¢ëè¥ëå â¥¬¯¥à âãà å (≥ 1100◦C),

çâ® ®¡ãá«®¢«¨¢ ¥â ¡®«¥¥ ¢ëá®ª®¥ á®¤¥à¦ ¨¥ ª¨á«®-

à®¤  ¢ ªà¨áâ «« å [8]. �¤®¢à¥¬¥® á ®â¦¨£®¬ Ci
¯à®¨áå®¤¨â ä®à¬¨à®¢ ¨¥ ª®¬¯«¥ªá  Ci−Oi (¤¥ä¥ªâ

H2), ¯à¨ç¥¬ ¤«ï ¡ëáâà®£® ®¡à §æ  íâ®â ¯à®æ¥áá ¨¤¥â

¯à¨ ª®¬ â®© â¥¬¯¥à âãà¥ ¨ ¯à®¤®«¦ ¥âáï ¯®á«¥

¯®«®£® ¨áç¥§®¢¥¨ï Ci. �â® á¢¨¤¥â¥«ìáâ¢ã¥â ®

 «¨ç¨¨ ¬¥¦ã§¥«ì®£® ã£«¥à®¤  ¢ á®áâ®ï¨¨, ª®£¤ 

® ¥  ¡«î¤ ¥âáï ¬¥â®¤®¬ DLTS, ®¤ ª® á¯®á®¡¥

¯à¨ïâì ãç áâ¨¥ ¢ ä®à¬¨à®¢ ¨¨ ¤¥ä¥ªâ  Ci−Oi.

�«ï «ãçè¥£® ¯®¨¬ ¨ï ¯à¨à®¤ë ¢®§¨ª®¢¥¨ï ��

Ci−Oi   «¨§¨à®¢ «áï å à ªâ¥à à¥ ªæ¨¨ ¥£® ¢®§¨ª-

®¢¥¨ï.

�à¨ ®â¦¨£¥ ¬¥¦ã§¥«ì®£® ã£«¥à®¤  ¯à®â¥ª îâ á«¥-
¤ãîé¨¥ à¥ ªæ¨¨:

Ci + Oi = Ci −Oi,

Ci + Cs = Ci − Cs.

� ¬¨ ¨ ¢ [4] ¡ë«® ¯®ª § ®, çâ® ¨§¬¥¥¨¥ ª®æ¥-
âà æ¨¨ nx(t) ¤¥ä¥ªâ®¢ Ci ¢® ¢à¥¬¥¨ ®¯¨áë¢ ¥âáï

¬®®¬®«¥ªã«ïà®© à¥ ªæ¨¥©,

dnx(t)

dt
= −

nx(t)

τ
, nx(t) = nx0 exp(−t/τ), (1)

£¤¥ τ — ¯®áâ®ï ï ¢à¥¬¥¨ ®â¦¨£  ¬¥¦ã§¥«ì®£®

ã£«¥à®¤ , nx0 —  ç «ì ï ª®æ¥âà æ¨ï Ci. �®à-
¬¨à®¢ ¨¥ ª®¬¯«¥ªá  Ci−Oi ¯à®¨áå®¤¨â á ãç áâ¨-
¥¬ ¤¢ãå  â®¬®¢, ª®æ¥âà æ¨¨ ª®â®àëå á®áâ ¢«ïîâ

nx1 = nx ¨ nx2. �â®â ¯à®æ¥áá ¬®¦¥â ¯à®â¥ª âì ª ª

¯á¥¢¤®¬®®¬®«¥ªã«ïà ï à¥ ªæ¨ï,

Nx(t) = nx0

[
1− exp(−t/τ)

]
, (2)

¥á«¨ ª®æ¥âà æ¨ï ®¡à §ãîé¨åáï ª®¬¯«¥ªá®¢ Nx(t)
®¯à¥¤¥«ï¥âáï ª®æ¥âà æ¨¥© «¨èì ®¤®£® ¨§ à¥ £¨àã-
îé¨å ª®¬¯®¥â®¢, â.¥. nx1 � nx2. �á«¨ ª®æ¥âà -
æ¨¨ ¢áâã¯ îé¨å ¢ à¥ ªæ¨î ª®¬¯®¥â®¢ áà ¢¨¬ë,

nx1 = nx2 = nx, (3)

â® ¨å ã¬¥ìè¥¨¥ á«¥¤ã¥â ¡¨¬®«¥ªã«ïà®© à¥ ªæ¨¨,

dnx(t)

dt
= −kn2

x(t), (4)

£¤¥ k — ª®áâ â  áª®à®áâ¨ à¥ ªæ¨¨. �®£¤  ¯à¨

 ç «ìëå ãá«®¢¨ïå nx(0) = nx0 ã¢¥«¨ç¥¨¥ ª®æ¥-
âà æ¨¨ ª®¬¯«¥ªá®¢ Ci−Oi à ¢®

N(t) = nx0 − nx(t) (5)
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�¨á. 1. DLTS-á¯¥ªâàë ®¡à §æ®¢ ¢ à¥¦¨¬¥ ¨¦¥ªæ¨¨ ¥®á®¢ëå ®á¨â¥«¥©, a — ¡ëáâàë© ®¡à §¥æ áà §ã ¯®á«¥ ¯¥à¢®£®

®¡«ãç¥¨ï (¤®§  109 á¬−2) (1 ) ¨ ¯®á«¥ ®â¦¨£  ¯à¨ ª®¬ â®© â¥¬¯¥à âãà¥ ¢ â¥ç¥¨¥ 15 ç (1 ′). b — ¡ëáâàë© (1 ) ¨ áà¥¤¨©
(2 ) ®¡à §æë ¯®á«¥ ®â¦¨£  300◦ C, 30¬¨ ¨ 400◦ C 45¬¨. c — ¡ëáâàë© ®¡à §¥æ ¯®á«¥ ®â¦¨£  (á¬. b) ¨ ¯®¢â®à®£®

®¡«ãç¥¨ï (¤®§  109 á¬−2).

¨ ®¯¨áë¢ ¥âáï á®®â®è¥¨¥¬

N(t) = nx0

(
1−

1

1 + knx0t

)
. (6)

�  à¨á. 2, 3 ¯®ª § ® ¢®§à áâ ¨¥ ª®æ¥âà æ¨¨

¤¥ä¥ªâ®¢ Ci−Oi ¤«ï ¡ëáâà®£® ¨ ¬¥¤«¥®£® ®¡à §æ®¢

á®®â¢¥âáâ¢¥® ¯à¨ ª®¬ â®© â¥¬¯¥à âãà¥ ¨ ¯à¨

50◦C ¨ ¨å  ¯¯à®ªá¨¬ æ¨ï ãà ¢¥¨ï¬¨ (2) ¨ (6) ¤«ï
¯á¥¢¤®¬®®¬®«¥ªã«ïà®© ¨ ¡¨¬®«¥ªã«ïà®© à¥ ªæ¨¨

á®®â¢¥âáâ¢¥®. �«ï ¡ëáâà®£® ®¡à §æ  íªá¯¥à¨¬¥-

â «ìë¥ § ¢¨á¨¬®áâ¨ § ç¨â¥«ì® «ãçè¥ ã¤®¢«¥â¢®-

àïîâ ¡¨¬®«¥ªã«ïà®© à¥ ªæ¨¨ (à¨á. 2). � ª®¥ ¯®¢¥-

¤¥¨¥ á®®â¢¥âáâ¢ã¥â â®¬ã, çâ® ¨§¬¥¥¨¥ ª®æ¥âà -

æ¨¨ ª®¬¯«¥ªá®¢ Ci−Oi ª®âà®«¨àã¥âáï ª®æ¥âà æ¨-

ï¬¨ ®¡®¨å ª®¬¯®¥â®¢, ¥á¬®âàï   â® çâ® á®¤¥à¦ -

¨¥ ¬¥¦ã§¥«ì®£® ª¨á«®à®¤  ¢ ªà¥¬¨¨ áãé¥áâ¢¥-

® ¯à¥¢ëè ¥â ª®æ¥âà æ¨î ¬¥¦ã§¥«ì®£® ã£«¥à®¤ ,

¢®§¨ª îé¥£® â®«ìª® ¢ à¥§ã«ìâ â¥ ®¡«ãç¥¨ï ¤¨®-

¤ . �â® ¯®§¢®«ï¥â ¯à¥¤¯®«®¦¨âì, çâ® ä®à¬¨à®¢ ¨¥

íâ®£® ª®¬¯«¥ªá  ¤®¯®«ï¥âáï ¯à®æ¥áá®¬ á ãç áâ¨¥¬
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�¨á. 2. �®áâ ª®æ¥âà æ¨¨ ¤¥ä¥ªâ®¢ Ci−Oi ¢ ¡ëáâà®¬ ®¡à §æ¥ ¯à¨ ª®¬ â®© â¥¬¯¥à âãà¥.

�¨á. 3. �®áâ ª®æ¥âà æ¨¨ ¤¥ä¥ªâ  Ci−Oi ¢ ¬¥¤«¥®¬ ®¡à §æ¥ ¯à¨ 50◦ C.

 â®¬®¢ ¬¥¦ã§¥«ì®£® ã£«¥à®¤ , ¥ à¥£¨áâà¨àã¥¬ëå ¢
DLTS-¨§¬¥à¥¨ïå. �â¬¥â¨¬, çâ® § ç¨â¥«ì®¥ ¢à¥¬ï
¤®áâ¨¦¥¨ï  áëé¥¨ï ª®æ¥âà æ¨¨ Ci−Oi ¨ ¥¥

¤®áâ â®ç® ¡®«ìè ï ¢¥«¨ç¨  ¤«ï ¡ëáâà®£® ®¡à §æ ,
¯®-¢¨¤¨¬®¬ã, á¢ï§ ë á ¤®¬¨¨àãîé¨¬ ¢«¨ï¨¥¬

íâ¨å  â®¬®¢. � â® ¦¥ ¢à¥¬ï ¤«ï ¬¥¤«¥®£® ®¡à §æ 

¢®§à áâ ¨¥ ª®æ¥âà æ¨¨ Ci−Oi ¯à ªâ¨ç¥áª¨ ¯à¥-
ªà é ¥âáï ¯®á«¥ ¯®«®£® ¨áç¥§®¢¥¨ï Ci, çâ® ¥

¯®§¢®«ï¥â ®¤®§ ç® ¨¤¥â¨ä¨æ¨à®¢ âì ä®à¬¨à®¢ -
¨¥ ª®¬¯«¥ªá  ª ª ¡¨¬®«¥ªã«ïàãî à¥ ªæ¨î (à¨á. 3).
�â® ãª §ë¢ ¥â   ®£à ¨ç¥®áâì ¤®¯®«¨â¥«ì®£®

(¥à¥£¨áâà¨àã¥¬®£®) ¨áâ®ç¨ª  ¬¥¦ã§¥«ì®£® ã£«¥-
à®¤  ¯à¨ â¥¬¯¥à âãà å, ¡«¨§ª¨å ª ª®¬ â®©, ¢ ¤¨®-
¤ å ¤ ®£® â¨¯  ¯® áà ¢¥¨î á ¡ëáâàë¬¨ ®¡à §æ -
¬¨.

�â®¡ë ¨§ãç¨âì ¯®¢â®àï¥¬®áâì  ¡«î¤ ¥¬ëå íä-
ä¥ªâ®¢, ¥áª®«ìª® ®¡à §æ®¢, ¨áá«¥¤®¢ ¢è¨åáï à ¥¥

¢ [7], ¯®á«¥ åà ¥¨ï ¯à¨ ª®¬ â®© â¥¬¯¥à âãà¥

¢ â¥ç¥¨¥ ¤¢ãå «¥â ¡ë«¨ ¯®¤¢¥à£ãâë ®â¦¨£ã ¤«ï

ãáâà ¥¨ï ��. �â¦¨£ ®áãé¥áâ¢«ï«áï ¢ ¤¢  íâ -
¯  — 300◦C, 30¬¨ ¨ 400◦C, 45¬¨, ¯®á«¥ ç¥£®

®¡à §æë ¡ë«¨ ¯®¢â®à® ®¡«ãç¥ë α-ç áâ¨æ ¬¨ ¤®§®©
109 á¬−2. �ë¡à ë¥ ¡ëáâàë©, áà¥¤¨© ¨ ¬¥¤«¥ë©
®¡à §æë ¯®-à §®¬ã ¯à®ï¢¨«¨ á¥¡ï ¯à¨ ¢®§¤¥©áâ¢¨¨

â ª®£® ®â¦¨£ . � ª, ¢ ¡ëáâà®¬ ®¡à §æ¥ ¯à¨ ¯®«®¬

®â¦¨£¥ �� ®¡à §®¢ «¨áì ¤¢  ®¢ëå ¤¥ä¥ªâ  — E2 ¨
H0 (à¨á. 1, b, ªà¨¢ ï 1 ), ¢ áà¥¤¥¬ ®¡à §æ¥ ¢¬¥áâ®

¤¥ä¥ªâ  H0 ¢®§¨ª ¤¥ä¥ªâ H3 (ªà¨¢ ï 2 ). �à¨

íâ®¬ ¢ áà¥¤¥¬ ¨ ¬¥¤«¥®¬ ®¡à §æ å ¤¥ä¥ªâë E2
¢®§¨ª «¨ ¢ ¥§ ç¨â¥«ì®© ª®æ¥âà æ¨¨, ¨ª ª ¥
¨§¬¥ïîé¥©áï ¯à¨ ¯®á«¥¤ãîé¨å â¥à¬®¢®§¤¥©áâ¢¨ïå.

�®¤à®¡¥¥ ®áâ ®¢¨¬áï   ¡ëáâà®¬ ®¡à §æ¥, ¯®-
áª®«ìªã ¨áå®¤ë¬ ¬ â¥à¨ «®¬ ¤«ï ¥£® ï¢«ï¥âáï Si
ä¨à¬ë Wacker Chemitronics,  ¨¡®«¥¥ ç áâ® ¯à¨¬¥-
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ï¥¬ë© ¯à¨ ¨§£®â®¢«¥¨¨ ¤¥â¥ªâ®à®¢. DLTS-á¯¥ªâà
¢ à¥¦¨¬¥ ¨¦¥ªæ¨¨ ¥®á®¢ëå ®á¨â¥«¥© ¤«ï ¡ë-
áâà®£® ®¡à §æ , ¯®¤¢¥à£ãâ®£® ¯®¢â®à®¬ã ®¡«ãç¥-
¨î, ¯à¨¢¥¤¥   à¨á. 1, c. �â¬¥â¨¬, çâ® æ¥âàë

E2 ¨ H0, ¢®§¨ªè¨¥ ¯à¨ ®â¦¨£¥   ®á®¢¥ à á¯ ¤ 

��, ¢ ¡ëáâà®¬ ®¡à §æ¥ ¯à¨ ¥£® ¯®¢â®à®¬ ®¡«ãç¥¨¨

ã¢¥«¨ç¨«¨ á¢®î ª®æ¥âà æ¨î.
�§¬¥¥¨¥ ª®æ¥âà æ¨¨ �� ¢ å®¤¥ ¨§®â¥à¬¨ç¥-

áª®£® ®â¦¨£  ¯à¨ ª®¬ â®© â¥¬¯¥à âãà¥ ¯®á«¥ ¯®-
¢â®à®£® ®¡«ãç¥¨ï ¡ëáâà®£® ®¡à §æ  ¯®ª § ®  

à¨á. 4. �®¬¨¬® ®â¬¥ç ¢è¥£®áï à ¥¥ ¢®§à áâ ¨ï

ª®æ¥âà æ¨© ¤¥ä¥ªâ®¢ Ci−Oi,   â ª¦¥ ¤¥ä¥ªâ®¢ E1,
¢ª«îç îé¨å ª®¬¯«¥ªá Ci−Cs (¯®á«¥¤¨© ®¡à §ã¥â

®¡é¨© á A-æ¥âà®¬ DLTS-¯¨ª), ¢ ¯à®æ¥áá¥ ®â¦¨£ 

Ci ¨ ¯®á«¥ ¥£® § ¢¥àè¥¨ï ¯à®¨áå®¤¨â ¥¬®®â®®¥
¨§¬¥¥¨¥ ª®æ¥âà æ¨¨ æ¥âà®¢ E2 ¨ H0: ¯¥à¢® -
ç «ì® ¨å ª®æ¥âà æ¨ï ¢®§à áâ¥â,   § â¥¬ ¯ ¤ ¥â.
�ç¨âë¢ ï, çâ® ¢ ®¡à §æ¥ ¯à¨ ª®¬ â®© â¥¬¯¥à -
âãà¥ ¨¤¥â ¯¥à¥áâà®©ª  ã£«¥à®¤ëå æ¥âà®¢, ¬®¦®
¯à¥¤¯®«®¦¨âì, çâ® ¢ á®áâ ¢ æ¥âà®¢ E2 ¨ H0 ¢å®-
¤¨â ã£«¥à®¤. � àï¤ã á íâ¨¬, ¯®áª®«ìªã ¤ ë¥ æ¥-
âàë ¯à®ï¢«ïîâáï  ¨¡®«¥¥  ªâ¨¢® ¢ ¡ëáâàëå, â. ¥.

�¨á. 4. �§¬¥¥¨¥ ª®æ¥âà æ¨¨ ¤¥ä¥ªâ®¢ ¯à¨ ª®¬ â®©
â¥¬¯¥à âãà¥ ¢ ¡ëáâà®¬ ®¡à §æ¥ ¯®á«¥ ®â¦¨£  ¨ ¯®¢â®à®-
£® ®¡«ãç¥¨ï.

�¨á. 5. �§®åà®ë© ®â¦¨£ ¡ëáâà®£® ®¡à §æ  ¯®á«¥

®¡à §®¢ ¨ï ¤¥ä¥ªâ®¢ E2 ¨ H0.

�¨á. 6. �â¦¨£ ã£«¥à®¤á®¤¥à¦ é¨å ¤¥ä¥ªâ®¢ ¢ ¬¥¤«¥®¬
®¡à §æ¥ ¯®á«¥ ¥£® ¯®¢â®à®£® ®¡«ãç¥¨ï. �¨äàë   ®á¨

 ¡áæ¨áá á®®â¢¥âáâ¢ãîâ ®¡à §æã áà §ã ¯®á«¥ ®¡«ãç¥¨ï (1 )
¨ ¯®á«¥ á«¥¤ãîé¨å §  ®¡«ãç¥¨¥¬ áâ ¤¨© ®â¦¨£ : 2 —
70◦ C, 1ç; 3 — 70◦ C, 3ç; 4 — 70◦ C, 3 ç; 5 — 70◦ C, 2ç;
6 — 250◦ C, 1ç; 7 — 300◦ C, 1ç.

á® áà ¢¨â¥«ì® ¢ëá®ª¨¬ á®¤¥à¦ ¨¥¬ ª¨á«®à®¤ ,
®¡à §æ å, ¢¥à®ïâ®, ¨ ª¨á«®à®¤ ¯à¨¨¬ ¥â ãç áâ¨¥ ¢
¨å ä®à¬¨à®¢ ¨¨. �â¬¥â¨¬, çâ® á ¬¨ ¯® á¥¡¥ æ¥âàë
E2 ¨ H0 ¢¥áì¬  áâ ¡¨«ìë. �  à¨á. 5 ¯à¥¤áâ ¢«¥ë

¤ ë¥ ¯® ¨§®åà®®¬ã ®â¦¨£ã ¡ëáâà®£® ®¡à §æ 

¯®á«¥ ¢®§¨ª®¢¥¨ï íâ¨å æ¥âà®¢. �®æ¥âà æ¨ï

æ¥âà®¢ E2 ¨ H0 ¯à ªâ¨ç¥áª¨ ¥ ¨§¬¥ï¥âáï ¢¯«®âì
¤® â¥¬¯¥à âãàë 300◦C. � â® ¦¥ ¢à¥¬ï  ¨¡®«¥¥

§ ç¨â¥«ì®¥ ¨§¬¥¥¨¥ ¨å ª®æ¥âà æ¨¨ ¯à®¨áå®¤¨â

¢ ¯à¨áãâáâ¢¨¨ ¯¥à¥áâà ¨¢ îé¨åáï ��, ¢ ç áâ®áâ¨,
á¢ï§ ëå á ã£«¥à®¤®¬, çâ®  ¡«î¤ ¥âáï ¤ ¦¥ ¯à¨

ª®¬ â®© â¥¬¯¥à âãà¥. �à¨ íâ®¬ ¬ ªá¨¬ «ìë©

à®áâ ¨å ª®æ¥âà æ¨¨ á®¢¯ ¤ ¥â á ®â¦¨£®¬ Ci.
�  à¨á. 6 ¯à¨¢¥¤¥ë à¥§ã«ìâ âë ®â¦¨£  ¬¥¤«¥-

®£® ®¡à §æ  ¯®á«¥ ¯®¢â®à®£® ®¡«ãç¥¨ï. �à¨ â¥¬-
¯¥à âãà¥ 70◦C ¥  ¡«î¤ ¥âáï à®áâ  ª®æ¥âà æ¨¨

Ci−Oi ¯®á«¥ ®â¦¨£  Ci. �¤ ª® ¯à¨ ¯®¢ëè¥¨¨

â¥¬¯¥à âãàë ¤® 250◦C ¯à®¨áå®¤¨â à¥§ª¨© à®áâ ª®-
æ¥âà æ¨¨ æ¥âà®¢ H2. �â® £®¢®à¨â ®  «¨ç¨¨ ¨ ¢

¬¥¤«¥ëå ®¡à §æ å ”áªàëâ®£®” ¨áâ®ç¨ª  ã£«¥à®¤ ,
¥  ¡«î¤ ¥¬®£® ¬¥â®¤®¬ DLTS. �à¨ íâ®¬ ¤«ï ¥£®

¢ëá¢®¡®¦¤¥¨ï ¨ ãç áâ¨ï ¢ ä®à¬¨à®¢ ¨¨ ª®¬¯«¥á®¢

âà¥¡ã¥âáï § ç¨â¥«ì® ¡®́«ìè ï í¥à£¨ï.

� ª«îç¥¨¥

�®«ãç¥ë¥ à¥§ã«ìâ âë ¯®¤â¢¥à¦¤ îâ § ¢¨á¨-
¬®áâì ª àâ¨ë ¯¥à¥áâà®©ª¨ �� ®â ¬ â¥à¨ «  ¨ â¥å-
®«®£¨¨ ¨§£®â®¢«¥¨ï ªà¥¬¨¥¢ëå ¤¨®¤®¢. � «¨ç¨¥
¡®«¥¥ ¢ëá®ª®© ª®æ¥âà æ¨¨ ª¨á«®à®¤ , ¢®§¨ªè¥© ¢
à¥§ã«ìâ â¥ ¤«¨â¥«ì®£® ¯à®æ¥áá  ®ª¨á«¥¨ï, ¤ ¦¥ ¢
¤¥â¥ªâ®à å   ®á®¢¥ FZ-Si ¢ë§ë¢ ¥â ¡®«¥¥  ªâ¨¢®¥
ª®¬¯«¥á®®¡à §®¢ ¨¥ ¯® áà ¢¥¨î á ®¡à §æ ¬¨ á

¯®¨¦¥ë¬ á®¤¥à¦ ¨¥¬ ª¨á«®à®¤ . �â® ¯à¨¢®¤¨â
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240 �.�. �¥à¡¨æª ï, �.�. �à¥¬¨, �.�. �¢ ®¢, �. �¨, �. �¬¨¤â

ª ¨§¬¥¥¨î ¯ à ¬¥âà®¢ ¯à¨¡®à®¢ ã¦¥ ¯®á«¥ à -
¤¨ æ¨®®£® ¢®§¤¥©áâ¢¨ï. � ç áâ®áâ¨, ¨â¥á¨¢ë©
à®áâ Ci−Oi ¬®¦¥â ®ª §ë¢ âì ¢«¨ï¨¥    ç «ì-
ãî áâ ¤¨î ®âà¨æ â¥«ì®£® ®â¦¨£ . �§¬¥¥¨¥ ª®-
æ¥âà æ¨¨ �� ¯à¨ ª®¬ â®© â¥¬¯¥à âãà¥ ¨  «¨-
ç¨¥ ”áªàëâëå” ¨áâ®ç¨ª®¢ ä®à¬¨à®¢ ¨ï £«ã¡®ª¨å

æ¥âà®¢, ®¤¨¬ ¨§ ª®â®àëå ï¢«ï¥âáï ¬¥¦ã§¥«ìë©

ã£«¥à®¤, § âàã¤ï¥â ãáâ ®¢«¥¨¥ á¢ï§¨ ¯ à ¬¥âà®¢

¯à¨¡®à®¢ á ª®ªà¥âë¬¨ ¤¥ä¥ªâ ¬¨ ¨ ¯à®£®§¨à®¢ -
¨¥ ¨å å à ªâ¥à¨áâ¨ª ¯à¨ ¤«¨â¥«ìëå æ¨ª«¨ç¥áª¨å

à ¤¨ æ¨®ëå ¢®§¤¥©áâ¢¨ïå.
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Abstract Transformation of radiation induced defects in

p+−n−n+ structures manufactured from high resistivity

n-type Si under multistep irradiation and annealing has

been investigated. The kinetic behavior of the concentration

increase of the Ci−Oi complexes has been analized depen-

dent on the detector manufacturing procedure. Under the

secondary irradiation cycle, transformation of defects which

were introduced under annealing of the primary radiation

defects has been revealed at room temperature. Formation

of the ”hidden” sources of deep level defect generation has

been observed. It has been estabilished that the higer

concentrations of oxygen, which originated from prolonged

oxidation process of silicon, enhance formation of carbon

related defect complexes in ”fast” samples as compared with

the samples with small oxygen contents.
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