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’Ê·¥± Œ. ¨ ¤·. P13-2015-31
ˆ¸¸²¥¤μ¢ ´¨¥ Ö¢²¥´¨Ö É¥·³¨Î¥¸±μ° ¤¥¸μ·¡Í¨¨ �¥ ¨§ μ¡· §Íμ¢
¤¥Ë¥±É´μ£μ ±·¥³´¨Ö

‘μμ¡Ð ¥É¸Ö μ¡ ¨§³¥·¥´¨¨ ’„‘ £¥²¨Ö, ¨³¶² ´É¨·μ¢ ´´μ£μ ¢ μ¡· §ÍÒ ±·¥³-
´¨Ö. 
´¥·£¨Ö ¨³¶² ´É Í¨¨ �¥ ¸μ¸É ¢²Ö²  90 ±Ô‚ (¶μ¤ Ê£²μ³ 45◦) ¶·¨ ¶²μÉ-
´μ¸É¨ ¶μÉμ±  1016 ¸³−2. Š·μ³¥ Éμ£μ, ¨¸¸²¥¤μ¢ ²μ¸Ó ¢²¨Ö´¨¥ ¶·¥¤¢ ·¨É¥²Ó´μ°
¨³¶² ´É Í¨¨ ±·¥³´¨Ö (¶²μÉ´μ¸É¨ ¶μÉμ±μ¢ 1014Ä1016 ¸³−2, E = 260 ±Ô‚). � -
¡²Õ¤ ²¨¸Ó ¢ÒÌμ¤Ò �¥ ± ± ¨§ ³¥¦¤μÊ§²¨°/¢ ± ´¸¨° (¶¨± β), É ± ¨ ¨§ ¶μ²μ¸É¥°
(¶¨± α ¨²¨, ÉμÎ´¥¥, ¶μ²μ¸ , ¸μ¸ÉμÖÐ Ö, ¢¥·μÖÉ´μ, ± ± ³¨´¨³Ê³ ¨§ ¤¢ÊÌ ¶¨±μ¢).
�¨± α ¨¸Î¥§ ¥É ¤²Ö ¶μÉμ±μ¢ ¶·¥¤¢ ·¨É¥²Ó´μ° ¨³¶² ´É Í¨¨ ¡μ²ÓÏ¥ 1015 ¸³−2,
Éμ£¤  ± ± ¶¨± β ¸É ´μ¢¨É¸Ö Ï¨·¥ ¨ ¸¤¢¨£ ¥É¸Ö ¢ μ¡² ¸ÉÓ ¡μ²¥¥ ¢Ò¸μ±¨Ì É¥³¶¥-
· ÉÊ·. ‘¶¥±É·Ò ’„‘ ´ ¡¨· ²¨¸Ó ¶·¨ · §²¨Î´ÒÌ ¸±μ·μ¸ÉÖÌ ´ £·¥¢  ¢ ¤¨ ¶ §μ´¥
0,3Ä0,7 Š/¸. 
´¥·£¨Ö  ±É¨¢ Í¨¨ ¤¥¸μ·¡Í¨¨ ¶¨±  β ¤²Ö · §²¨Î´ÒÌ ¶²μÉ´μ¸É¥°
¶μÉμ±μ¢ ¶·¥¤¢ ·¨É¥²Ó´μ° ¨³¶² ´É Í¨¨ μ¶·¥¤¥²Ö² ¸Ó ¶μ ³¥Éμ¤Ê 	¥¤Ì¥¤  ¸ ÊÎ¥Éμ³
¸¤¢¨£  ¶¨±  β.

	 ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ¶·μ¡²¥³ ¨³. ‚.�. „¦¥²¥¶μ¢ 
�ˆŸˆ ¨ ¢ ˆ´¸É¨ÉÊÉ¥ Ë¨§¨±¨ UMCS (‹Õ¡²¨´).

‘μμ¡Ð¥´¨¥ �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2015

Turek M. et al. P13-2015-31
Thermal Desorption of Helium from Defected Silicon

The TDS (thermal desorption spectroscopy) measurements of He implanted in
silicon samples are reported. The He implantation energy was 90 keV (at a tilt of 45◦)
while the �uence was 1016 cm−2. Additionally, the in�uence of Si preimplantation
(�uences in the range 1014Ä1016 cm−2, E = 260 keV) was investigated. The He
releases both from interstitials/vacancies (β peak) and from cavities (an α peak or
rather a band consisting probably of at least two peaks) were observed. The α peak
disappears for preimplantation �uences larger than 1015 cm−2, while the β peak
becomes broader and shifts toward higher temperatures. The TDS spectra were
collected using heating ramp rates in the range 0.3Ä0.7 K/s. Desorption activation
energy of the β peak for different preimplantation �uences was found using the
Redhead analysis of the β peak shift.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear
Problems, JINR, and at the Institute of Physics, UMCS, Lublin.

Communication of the Joint Institute for Nuclear Research. Dubna, 2015
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�¥¸³μÉ·Ö ´  ´¨§±ÊÕ ·¥ ±Í¨μ´´ÊÕ ¸¶μ¸μ¡´μ¸ÉÓ, ¡² £μ·μ¤´Ò¥ £ §Ò
³μ£ÊÉ §´ Î¨É¥²Ó´μ ¨§³¥´ÖÉÓ ¸¢μ°¸É¢  É¢¥·¤ÒÌ É¥² [1], ´ ¶·¨³¥·, ¢ ·¥§Ê²Ó-
É É¥ μ¡· §μ¢ ´¨Ö ¶Ê§Ò·Ó±μ¢ (§ ¶μ²´¥´´ÒÌ £ §μ³ ¶μ²μ¸É¥°) ¶·¨ ¶·μ¢¥¤¥´¨¨
¨μ´´μ° ¨³¶² ´É Í¨¨ ¸ ¢Ò¸μ±μ° ¶²μÉ´μ¸ÉÓÕ ¶μÉμ±  (∼ 1016 ¸³−2 ¨²¨ ¡μ²¥¥).
�¥·¢μ´ Î ²Ó´μ ÔÉμÉ ¶·μÍ¥¸¸ ¨§ÊÎ ²¸Ö ¢ ³¥É ²² Ì [2], ´μ μ´ ¶·μ¨¸Ìμ¤¨É ¨ ¢
¶μ²Ê¶·μ¢μ¤´¨± Ì. �¡· §μ¢ ´¨¥ ¶μ²μ¸É¥° ¢ ±·¥³´¨¨, ´ ¨¡μ²¥¥ ¢ ¦´μ³ ³ -
É¥·¨ ²¥ ¤²Ö ¶μ²Ê¶·μ¢μ¤´¨±μ¢μ° ¶·μ³ÒÏ²¥´´μ¸É¨, ¶·¨ ¨³¶² ´É Í¨¨ �¥ Ï¨-
·μ±μ ¨§ÊÎ ²μ¸Ó [3Ä8], É ± ± ± ¸±·ÒÉÒ° ¸²μ° ¶μ²μ¸É¥° ³μ£ ¡Ò ¨¸¶μ²Ó§μ¢ ÉÓ¸Ö,
´ ¶·¨³¥·, ¤²Ö £¥ÉÉ¥·¨·μ¢ ´¨Ö ¶·¨³¥¸¥° [9, 10].

’¥·³μ¤¥¸μ·¡Í¨μ´´ Ö ¸¶¥±É·μ³¥É·¨Ö (’„‘) Ï¨·μ±μ ¶·¨³¥´Ö² ¸Ó ¤²Ö ¨§Ê-
Î¥´¨Ö ¶·μÍ¥¸¸μ¢ μ¡· §μ¢ ´¨Ö ¶μ²μ¸É¥°,   É ±¦¥ ¢ÒÌμ¤  �¥ ¨§ ±·¥³´¨¥¢μ°
³ É·¨ÍÒ. �¸μ¡μ¥ ¢´¨³ ´¨¥ μ¡· Ð ²μ¸Ó ´  É ±¨¥ Ë ±Éμ·Ò, ± ± É¥³¶¥· ÉÊ· 
¨³¶² ´É Í¨¨ [6], É¥³¶¥· ÉÊ·  μÉ¦¨£  [4] ¨²¨ ¶μ¸É¨³¶² ´É Í¨μ´´Ò¥ ¶ · ³¥-
É·Ò [5]. ’¨¶¨Î´Ò° ¸¶¥±É· ’„‘ ¨³¥¥É ¤¢  ¶¨± : μ¤¨´ ¨§ ´¨Ì (β) ´ ¡²Õ¤ ¥É¸Ö
¢ ¸²ÊÎ ¥ ¡μ²¥¥ ´¨§±¨Ì É¥³¶¥· ÉÊ· ¨ μÉ¢¥Î ¥É §  ¢ÒÌμ¤ �¥, · ¸É¢μ·¥´´μ£μ ¢ Si
(§ ´¨³ ÕÐ¥£μ ¢ ± ´¸¨¨ ¨ ³¥¦¤μÊ§²¨Ö), ¤·Ê£μ° ¶¨± (α) ¸μμÉ¢¥É¸É¢Ê¥É ¢ÒÌμ¤Ê
¨§ § ¶μ²´¥´´ÒÌ £¥²¨¥³ ¶Ê¸ÉμÉ. ‘²¥¤Ê¥É É ±¦¥ μÉ³¥É¨ÉÓ, ÎÉμ ¡Ò²μ ¶·¥¤¶·¨-
´ÖÉμ ´¥¸±μ²Ó±μ ¶μ¶ÒÉμ± ³μ¤¥²¨·μ¢ ´¨Ö ¶·μÍ¥¸¸  μ¡· §μ¢ ´¨Ö § ¶μ²´¥´´ÒÌ
£ §μ³ ¶μ²μ¸É¥° ¨ ¢ÒÌμ¤  £ §  [1, 11, 12].

‚ ¢ÒÏ¥Ê¶μ³Ö´ÊÉÒÌ ¸É ÉÓÖÌ Ô´¥·£¨¨ ¨³¶² ´É Í¨¨ �¥ ¡Ò²¨ ¤μ¸É ÉμÎ´μ
´¨§±¨³¨ (20 ±Ô‚ ¨ ´¨¦¥) [3Ä6] ¨²¨ ¢ ¤¨ ¶ §μ´¥ ³Ô‚ [7, 8]. �¢Éμ·Ò ¤ ´-
´μ° ¸É ÉÓ¨ ·¥Ï¨²¨ ¢μ¸¶μ²´¨ÉÓ ¶·μ¡¥² ¨ ¨¸¶μ²Ó§μ¢ ÉÓ Ô´¥·£¨¨, É¨¶¨Î´Ò¥ ¤²Ö
¨³¶² ´É Éμ·  ˆ´¸É¨ÉÊÉ  Ë¨§¨±¨ ¢ ‹Õ¡²¨´¥. �μ²¥¥ Éμ£μ, ¢²¨Ö´¨¥ ¶·¥¤¢ ·¨-
É¥²Ó´μ° ¨³¶² ´É Í¨¨ Si, ±μÉμ· Ö ¢Ò§Ò¢ ¥É · §²¨Î´μ¥ ±μ²¨Î¥¸É¢μ ¤¥Ë¥±Éμ¢ ¢
¶μ¤¶μ¢¥·Ì´μ¸É´ÒÌ ¸²μÖÌ μ¡· §Í , ¥Ð¥ ´¥ ¨¸¸²¥¤μ¢ ²μ¸Ó.

	 ¡μÉ  ¸μ¤¥·¦¨É ±· É±μ¥ μ¶¨¸ ´¨¥ μ¡μ·Ê¤μ¢ ´¨Ö, ¨¸¶μ²Ó§Ê¥³μ£μ ¤²Ö
’„‘-¨§³¥·¥´¨°, ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ³¥Éμ¤μ¢ ¨¸¸²¥¤μ¢ ´¨Ö. ’ ±¦¥ ¶·¥¤-
¸É ¢²¥´Ò · ³ ´μ¢¸±¨¥ ¸¶¥±É·Ò ¶·¥¤¢ ·¨É¥²Ó´μ ¨³¶² ´É¨·μ¢ ´´ÒÌ μ¡· §Íμ¢,
ÎÉμ¡Ò ¶μ± § ÉÓ ·μ¸É (¸ Ê¢¥²¨Î¥´¨¥³ ¶²μÉ´μ¸É¨ ¶μÉμ±  Si+)  ³μ·Ë¨§ Í¨¨
μ¡· §Íμ¢. �·¥¤¸É ¢²¥´Ò ¸¶¥±É·Ò ’„‘ �¥, ¸μ¡· ´´μ£μ ¨§ μ¡· §Íμ¢, ¶·¥¤¢ ·¨-
É¥²Ó´μ ¨³¶² ´É¨·μ¢ ´´ÒÌ ¨μ´ ³¨ Si+ ¸ · §²¨Î´Ò³¨ ¶²μÉ´μ¸ÉÖ³¨ ¶μÉμ±μ¢.
„²Ö  ´ ²¨§  ¸¤¢¨£  ¶¨±  ¸ Ê¢¥²¨Î¥´¨¥³ ¸±μ·μ¸É¨ ´ £·¥¢ , ±μÉμ·Ò° ¶μ§¢μ-
²Ö¥É μ¶·¥¤¥²¨ÉÓ Ô´¥·£¨Õ  ±É¨¢ Í¨¨ ¤¥¸μ·¡Í¨¨, ¶·¨³¥´Ö¥É¸Ö ³¥Éμ¤ 	¥¤Ì¥¤ .
�μ± § ´μ Ê¢¥²¨Î¥´¨¥ Ô´¥·£¨¨  ±É¨¢ Í¨¨, ¸μμÉ¢¥É¸É¢ÊÕÐ¥° β-¶¨±Ê, ¸ ·μ¸Éμ³
¶²μÉ´μ¸É¨ ¶μÉμ±  ¶·¥¤¢ ·¨É¥²Ó´μ° ¨³¶² ´É Í¨¨.
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Šμ´¸É·Ê±Í¨Ö ’„‘-¸¶¥±É·μ³¥É·  μ¶¨¸ ´  ¢ · ¡μÉ¥ [13], §¤¥¸Ó ¦¥ ¤²Ö
¶μ²´μÉÒ ± ·É¨´Ò ¶·¨¢μ¤ÖÉ¸Ö ²¨ÏÓ μ¸´μ¢´Ò¥ ³μ³¥´ÉÒ. –¨²¨´¤·¨Î¥¸± Ö
¢ ±ÊÊ³´ Ö ± ³¥· , ¸μ¤¥·¦ Ð Ö ´ £·¥¢ É¥²Ó μ¡· §Í , ¸μ¥¤¨´Ö¥É¸Ö ¸ ±¢ ¤·Ê-
¶μ²Ó´Ò³ ³ ¸¸-¸¶¥±É·μ³¥É·μ³, ¢ ±ÊÊ³³¥É·μ³, Ô²¥±É·μ¶¨É ´¨¥³ ¨ ¤·Ê£¨³ μ¡μ-
·Ê¤μ¢ ´¨¥³. � £·¥¢ É¥²Ó μ¡· §Í  (HTR1002 Boralectric, Momentive, ‘É·μ´£-
¸¢¨²², ‘˜�) § Ð¨Ð¥´ Ô±· ´ ³¨ ¨§ ³μ²¨¡¤¥´μ¢ÒÌ ¶² ¸É¨´ Éμ²Ð¨´μ° 0,5 ³³,
  É ±¦¥ ¡μ²¥¥ Éμ²¸ÉÒÌ ¶² ¸É¨´ ´  ¤´¥ ¨§ ´¥·¦ ¢¥ÕÐ¥° ¸É ²¨ Éμ²Ð¨´μ° 2 ³³.
� £·¥¢ É¥²Ó ¶¨É ¥É¸Ö ¶·μ£· ³³¨·Ê¥³Ò³ ¨¸ÉμÎ´¨±μ³ ¶¨É ´¨Ö EA-PS 8000T
(EA-Electro-Automatik GmbH, ”¨·§¥´, ƒ¥·³ ´¨Ö), ¶μ§¢μ²ÖÕÐ¨³ ¶·μ¢μ¤¨ÉÓ
´ £·¥¢ ¸ · §²¨Î´Ò³¨ ¶·μË¨²Ö³¨ ¨ ¸±μ·μ¸ÉÖ³¨ ¤μ 1600 Š. ’¥³¶¥· ÉÊ· 
μ¡· §Í  ¨§³¥·Ö² ¸Ó ¶·¨ ¶μ³μÐ¨ É¥·³μ¶ ·Ò Š-É¨¶ , ¶μ¤±²ÕÎ¥´´μ° Î¥·¥§
¡²μ± ´ ±μ¶¨É¥²Ö ¤ ´´ÒÌ/±μ³³ÊÉ Éμ· Hewlett-Packard 34970A ± ¶¥·¸μ´ ²Ó-
´μ³Ê ±μ³¶ÓÕÉ¥·Ê, ±μÉμ·Ò° ±μ´É·μ²¨·Ê¥É ¢¸Õ ¸¨¸É¥³Ê. ˆ³¥¥É¸Ö É ±¦¥ ¤μ-
¶μ²´¨É¥²Ó´Ò° ¡¥¸±μ´É ±É´Ò° ·¥¦¨³ ¨§³¥·¥´¨Ö É¥³¶¥· ÉÊ·Ò ¶·¨ ¶μ³μÐ¨
¶¨·μ³¥É· , £μ²μ¢±  ±μÉμ·μ£μ · §³¥Ð¥´  ´ ¤ μ¡· §Íμ³. �·μ£· ³³¨·Ê¥³Ò°
¨¸ÉμÎ´¨± ¶¨É ´¨Ö ¨ ¨§³¥·¥´¨¥ É¥³¶¥· ÉÊ·Ò ±μ´É·μ²¨·μ¢ ²¨¸Ó ¸¶¥Í¨ ²Ó´μ
´ ¶¨¸ ´´μ° ¶·μ£· ³³μ°, ¨¸¶μ²Ó§ÊÕÐ¥°  ²£μ·¨É³ PID [14]. ‘Ì¥³  ¸¶¥±É·μ-
³¥É·  É¥·³¨Î¥¸±μ° ¤¥¸μ·¡Í¨¨ ¶μ± § ´  ´  ·¨¸. 1.

	¨¸. 1. ‘Ì¥³  Ô±¸¶¥·¨³¥´É ²Ó´μ£μ μ¡μ·Ê¤μ¢ ´¨Ö: 1 Å ´ £·¥¢ É¥²Ó μ¡· §Í ; 2 Å É¥·-
³μ¶ · ; 3 Å ¶·μ£· ³³¨·Ê¥³Ò° ¡²μ± ¶¨É ´¨Ö; 4 Å ±¢ ¤·Ê¶μ²Ó´Ò° ³ ¸¸-¸¶¥±É·μ³¥É·;
5 Å ±μ³³ÊÉ Éμ· ¸¡μ·  ¤ ´´ÒÌ; 6 Å ³¨±·μ±μ³¶ÓÕÉ¥·; 7 Å ÉÊ·¡μ³μ²¥±Ê²Ö·´Ò° ¢ -
±ÊÊ³´Ò° ´ ¸μ¸

2



	 ¡μÎ¥¥ ¤ ¢²¥´¨¥ 2 · 10−7 ³¡ ·, ±μÉμ·μ¥ ¶μ¤¤¥·¦¨¢ ²μ¸Ó ¢ É¥Î¥´¨¥ ¢¸¥Ì
¨§³¥·¥´¨°, μ¡¥¸¶¥Î¨¢ ²μ¸Ó ÉÊ·¡μ³μ²¥±Ê²Ö·´Ò³ ¢ ±ÊÊ³´Ò³ ´ ¸μ¸μ³. �¥, ¢Ò-
Ìμ¤ÖÐ¨° ¨§ ´ £·¥Éμ£μ μ¡· §Í , ·¥£¨¸É·¨·μ¢ ²¸Ö ±¢ ¤·Ê¶μ²Ó´Ò³ ³ ¸¸-¸¶¥±-
É·μ³¥É·μ³ QMG220 (Pfeiffer Vacuum, �¸² ·, ƒ¥·³ ´¨Ö), ±μ´É·μ²¨·Ê¥³Ò³
¶·μ£· ³³´Ò³ μ¡¥¸¶¥Î¥´¨¥³ QuaderaTM.

�μ¤²μ¦±¨ ¨§ (100) μ·¨¥´É¨·μ¢ ´´μ£μ ±·¥³´¨Ö ¸ ¶·¨³¥¸ÓÕ ¡μ·  ¨³¶² ´-
É¨·μ¢ ²¨¸Ó ¨μ´ ³¨ Si+ ¶·¨ ¶μ³μÐ¨ ¨³¶² ´É Éμ·  ¨μ´μ¢ ˆ´¸É¨ÉÊÉ  Ë¨§¨±¨
(‹Õ¡²¨´), ¸´ ¡¦¥´´μ£μ ¨μ´´Ò³ ¨¸ÉμÎ´¨±μ³ ¶¥·¥³¥´´μ-¤Ê£μ¢μ£μ · §·Ö¤  ¸
¨¸¶ ·¨É¥²¥³ [15Ä19]. 
´¥·£¨Ö ¨³¶² ´É Í¨¨ ¸μ¸É ¢²Ö²  260 ±Ô‚, ¶·¨ ÔÉμ³
¶²μÉ´μ¸ÉÓ ¨μ´´μ£μ Éμ±  ¡Ò²  ¶·¨¡²¨§¨É¥²Ó´μ 1 ³±�/¸³2. ’·¨ ¶²μÉ´μ¸É¨ ¶μ-
Éμ±  ¨³¶² ´É Í¨¨ (1014, 1015 ¨ 1016 ¸³−2) ¡Ò²¨ ¢Ò¡· ´Ò ¤²Ö Éμ£μ, ÎÉμ¡Ò ¢´¥-
¸É¨ · §²¨Î´μ¥ ±μ²¨Î¥¸É¢μ ¤¥Ë¥±Éμ¢ ¢ ¶μ¢¥·Ì´μ¸É´Ò° ¸²μ° μ¡· §Í . Š ± ¢¨¤´μ

	¨¸. 2. ƒ²Ê¡¨´  ¶·μË¨²¥° ¶·¨³¥¸¨ ¨ ¢ ± ´¸¨°, ¢¢¥¤¥´´ÒÌ ¢ μ¡· §¥Í ±·¥³´¨Ö ¢μ ¢·¥³Ö
¶·¥¤¢ ·¨É¥²Ó´μ° ¨³¶² ´É Í¨¨ ( ), ¨ £²Ê¡¨´  ¶·μË¨²Ö ¨³¶² ´É¨·μ¢ ´´μ£μ �¥ (¡).
	¥§Ê²ÓÉ ÉÒ ¶μ²ÊÎ¥´Ò ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ±μ¤  SRIM
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	¨¸. 3. 	 ³ ´μ¢¸±¨¥ ¸¶¥±É·Ò μ¡· §Íμ¢ ±·¥³´¨Ö, ¨³¶² ´É¨·μ¢ ´´ÒÌ ¨μ´ ³¨ Si+

¨§ ·¥§Ê²ÓÉ Éμ¢ SRIM [20], ¶μ± § ´´ÒÌ ´  ·¨¸. 2,  , Éμ²Ð¨´  ¸²μÖ ¤¥Ë¥±Éμ¢
· ¢´  ∼ 400 ´³. 	 §²¨Î´ Ö ¸É¥¶¥´Ó  ³μ·Ë¨§ Í¨¨ μ¡· §Íμ¢ ¶μ¤É¢¥·¦¤ ¥É¸Ö
¤ ´´Ò³¨, ¶μ± § ´´Ò³¨ ´  ·¨¸. 3. �  ´¥³ ¶·¥¤¸É ¢²¥´Ò · ³ ´μ¢¸±¨¥ ¸¶¥±É·Ò,
¶μ²ÊÎ¥´´Ò¥ ¶·¨ ¶μ³μÐ¨ ² §¥·  ¸ ¤²¨´μ° ¢μ²´Ò 514 ´³ ¤²Ö ¶·¥¤¢ ·¨É¥²Ó´μ
¨³¶² ´É¨·μ¢ ´´ÒÌ ¨ ¨¸Ìμ¤´ÒÌ μ¡· §Íμ¢. ˆ§³¥·¥´¨Ö ¢Ò¶μ²´Ö²¨¸Ó ¶·¨ ¶μ-
³μÐ¨ ·¥Ë²¥±¸´μ£μ · ³ ´μ¢¸±μ£μ ¸¶¥±É·μ¸±μ¶  (Renishaw, ‚¥²¨±μ¡·¨É ´¨Ö).
Œμ¦´μ ¢¨¤¥ÉÓ ·μ¸É ¢Ò¸μÉÒ  ³μ·Ë´μ° ¶μ²μ¸Ò ±·¥³´¨Ö ¢¡²¨§¨ 480 ¸³−1,
Éμ£¤  ± ± ¶¨± ±·¨¸É ²²¨Î¥¸±μ£μ ±·¥³´¨Ö (∼ 521 ´³) Ê³¥´ÓÏ ¥É¸Ö ¸ ¶²μÉ´μ-
¸ÉÓÕ ¶μÉμ± .

‡ É¥³ μ¡· §ÍÒ ¨³¶² ´É¨·μ¢ ²¨¸Ó ¨μ´ ³¨ �¥+ ¸ Ô´¥·£¨¥° 90 ±Ô‚, ¶ ¤ -
ÕÐ¨³¨ ¶μ¤ Ê£²μ³ 45◦. � · ³¥É·Ò ¨³¶² ´É Í¨¨ ¢Ò¡¨· ²¨¸Ó É ±¨³ μ¡· §μ³,
ÎÉμ¡Ò ¢¢¥¸É¨ £¥²¨° ¸· §Ê ¶μ¤ ´ ·ÊÏ¥´´Ò° ¸²μ° (¸³. ·¨¸. 2, ¡). �·μË¨²Ó £²Ê-
¡¨´Ò �¥ Î ¸É¨Î´μ ¶¥·¥±·Ò¢ ¥É ´ ·ÊÏ¥´´Ò° ¸²μ°.

�…‡“‹œ’�’›

’„‘-¸¶¥±É·μ³¥É· ¶·μ± ²¨¢ ²¸Ö ´¥¶μ¸·¥¤¸É¢¥´´μ ¶¥·¥¤ ¨§³¥·¥´¨Ö³¨ ¤²Ö
³ ±¸¨³ ²Ó´μ ¢μ§³μ¦´μ£μ Ê¤ ²¥´¨Ö μ¸É ÉμÎ´ÒÌ £ §μ¢. �¡· §¥Í ´ £·¥¢ ²¸Ö ¶μ
¨§μÌ·μ´´μ° ¸Ì¥³¥:

T (t) = T0 + βt, (1)

£¤¥ T0 Å ±μ³´ É´ Ö É¥³¶¥· ÉÊ·  ¨ β Å ¸±μ·μ¸ÉÓ ´ £·¥¢ . ˆ¸¶μ²Ó§μ¢ -
²¨¸Ó É·¨ ¸±μ·μ¸É¨ ´ £·¥¢ : 0,3, 0,5, 0,7 K/c. Š·μ³¥ Éμ£μ, ¢ ¸²ÊÎ ¥ ¨¸Ìμ¤-
´μ£μ ¨¸ÉμÎ´¨±  ¨¸¶μ²Ó§μ¢ ² ¸Ó ¸±μ·μ¸ÉÓ ´ £·¥¢  0,1 Š/c. �¡· §¥Í ´ £·¥-
¢ ²¸Ö ¤μ 1300 Š. Œ ¸¸-¸¶¥±É·μ³¥É· ·¥£¨¸É·¨·μ¢ ² ¸¨£´ ², ¸μμÉ¢¥É¸É¢ÊÕÐ¨°
³ ¸¸¥ �¥ (4  . ¥. ³.).
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	¨¸. 4. ‘¶¥±É·Ò ’„‘ �¥, ¢ÒÏ¥¤Ï¥£μ ¨§ μ¡· §Íμ¢ Si, ¨§³¥·¥´´Ò¥ ¶·¨ · §´ÒÌ ¸±μ·μ-
¸ÉÖÌ ´ £·¥¢ 

�μ²ÊÎ¥´´Ò¥ ¸¶¥±É·Ò ’„‘ ¸μ¡· ´Ò ´  ·¨¸. 4. �¨± β, ¸μμÉ¢¥É¸É¢ÊÕÐ¨°
¢ÒÌμ¤Ê  Éμ³μ¢ �¥, · ¸É¢μ·¥´´ÒÌ ¢ μ¡Ñ¥³¥ ±·¥³´¨Ö (§ ´¨³ ÕÐ¨Ì ¢ ± ´¸¨¨
¨ ³¥¦¤μÊ§²¨Ö), ´ ¡²Õ¤ ¥É¸Ö ¤²Ö ¢¸¥Ì μ¡· §Íμ¢. …£μ Ï¨·¨´  Ê¢¥²¨Î¨¢ ¥É¸Ö
¸ ·μ¸Éμ³ ¶μÉμ±  Si+: μÉ ∼ 100 Š ¤²Ö ¨¸Ìμ¤´ÒÌ (Φ = 0) μ¡· §Íμ¢ ¨ ¤μ
¡μ²¥¥ 200 Š ¤²Ö μ¡· §Íμ¢, ¨³¶² ´É¨·μ¢ ´´ÒÌ ¸ ³ ±¸¨³ ²Ó´μ° ¶²μÉ´μ¸ÉÓÕ
¶μÉμ± . 
Éμ, ´ ¨¡μ²¥¥ ¢¥·μÖÉ´μ, ÔËË¥±É Ô´¥·£¥É¨Î¥¸±μ° ´¥μ¤´μ·μ¤´μ¸É¨ ¤¥-
Ë¥±Éμ¢ [5], ¢Ò§¢ ´´ÒÌ ¡μ³¡ ·¤¨·μ¢±μ° ¨μ´ ³¨ Si+. � ¡²Õ¤ ¥É¸Ö É ±¦¥
¸¤¢¨£ ¶¨±  β ¢ μ¡² ¸ÉÓ ¡μ²¥¥ ¢Ò¸μ±¨Ì É¥³¶¥· ÉÊ· ¸ ·μ¸Éμ³ ¶²μÉ´μ¸É¨ ¶μ-
Éμ±  Si+: μÉ ∼ 720 Š ¤²Ö Φ = 0 ¤μ ∼ 880 Š ¤²Ö Φ = 1016 ¸³−2 ¢ ¸²ÊÎ ¥,
±μ£¤  μ¡· §¥Í μ¡²ÊÎ ¥É¸Ö ¸ ³ ±¸¨³ ²Ó´μ° ¶²μÉ´μ¸ÉÓÕ ¶μÉμ± . �É³¥É¨³, ÎÉμ
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�μ²μ¦¥´¨¥ ¶¨±  β ¨ Ô´¥·£¨Ö  ±É¨¢ Í¨¨ ¤¥¸μ·¡Í¨¨ ¤²Ö · §²¨Î´ÒÌ ¶²μÉ´μ¸É¥°
¶μÉμ±μ¢ ¶·¥¤¢ ·¨É¥²Ó´μ° ¨³¶² ´É Í¨¨

Φ = 0 (´¥¤¥Ë¥±É´Ò°) Φ = 1014 ¸³−2

β, Š/¸ Tp, K Q, Ô‚ β, Š/¸ Tp, K Q, Ô‚

0,7 720

0,97± 0,11

0,7 723

0,82± 0,04
0,5 704 0,5 706

0,3 694 0,3 684

0,1 647 0,1 Å

Φ = 1015 ¸³−2 Φ = 1016 ¸³−2

β, Š/¸ Tp, K Q, Ô‚ β, Š/¸ Tp, K Q, Ô‚

0,7 752

1,0± 0,23

0,7 880

1,3± 0,13
0,5 731 0,5 868

0,3 716 0,3 843

0,1 Å 0,1 Å

¶μ²μ¦¥´¨Ö ¶¨±  β ¤²Ö ¢¸¥Ì μ¡· §Íμ¢ ¶·¨¢¥¤¥´Ò ¢ É ¡²¨Í¥. ‘¤¢¨£ ¶¨±  β ¸
¨§³¥´¥´¨¥³ ¶²μÉ´μ¸É¨ ¶μÉμ±  Si ´ ¡²Õ¤ ¥É¸Ö ¤²Ö ¢¸¥Ì ¸±μ·μ¸É¥° ´ £·¥¢ .

’ ±¦¥ ´ ¡²Õ¤ ¥É¸Ö ¸¤¢¨£ ¶¨±  β ¸ ¨§³¥´¥´¨¥³ ¸±μ·μ¸É¨ ´ £·¥¢ , ÎÉμ
¶μ§¢μ²Ö¥É μ¶·¥¤¥²¨ÉÓ Ô´¥·£¨Õ  ±É¨¢ Í¨¨ ¤¥¸μ·¡Í¨¨ ¶μ ³¥Éμ¤Ê 	¥¤Ì¥¤  [21].
‚ ¸²ÊÎ ¥ ¶¥·¢μ£μ ¶μ·Ö¤±  ¶·μÍ¥¸¸  Ê· ¢´¥´¨¥ �μ²Ö´¨Ä‚¨£´¥·  ¨³¥¥É ¢¨¤

dn

dt
= −γn exp

(
− Q

kT

)
, (2)

£¤¥ n Å ¶μ¢¥·Ì´μ¸É´ Ö ±μ´Í¥´É· Í¨Ö  ¤¸μ·¡¨·μ¢ ´´ÒÌ ³μ²¥±Ê²; k Å ±μ´-
¸É ´É  �μ²ÓÍ³ ´ ; Q Å Ô´¥·£¨Ö  ±É¨¢ Í¨¨ ¤¥¸μ·¡Í¨¨ ¨ γ Å ¶·¥¤Ô±¸¶μ´¥´-
Í¨ ²Ó´Ò° ³´μ¦¨É¥²Ó.

�·¨´¨³ Ö ²¨´¥°´ÊÕ ¸Ì¥³Ê ´ £·¥¢  ¨ μ¡μ§´ Î Ö É¥³¶¥· ÉÊ·Ê, ¸μμÉ¢¥É-
¸É¢ÊÕÐÊÕ ³ ±¸¨³Ê³Ê ¶¨±  β, ± ± Tp, ³μ¦¥³ ¶μ²ÊÎ¨ÉÓ ¨§ Ê¸²μ¢¨Ö d2n/dt2 = 0
¸μμÉ´μÏ¥´¨¥

1
Tp

=
k

Q
ln

(
T 2

p

β

)
+

k

Q
ln

(
γ

k

Q

)
. (3)

’ ±¨³ μ¡· §μ³, Ô´¥·£¨Ö  ±É¨¢ Í¨¨ ¤¨ËËÊ§¨¨ ³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´  ¨§
´ ±²μ´  ±·¨¢μ° § ¢¨¸¨³μ¸É¨ 1/Tp μÉ ln (T 2

p /β). 	¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¤²Ö
· §²¨Î´ÒÌ ¶²μÉ´μ¸É¥° ¶μÉμ±μ¢ Si+ É ±¦¥ ¶·¥¤¸É ¢²¥´Ò ¢ É ¡²¨Í¥. Œμ¦´μ
¢¨¤¥ÉÓ Ê¢¥²¨Î¥´¨¥ Ô´¥·£¨¨  ±É¨¢ Í¨¨ ¶¨±  β ¸ ±μ²¨Î¥¸É¢μ³ ¤¥Ë¥±Éμ¢, ¢´μ-
¸¨³ÒÌ ¶·¥¤¢ ·¨É¥²Ó´μ° ¨³¶² ´É Í¨¥°. 
´¥·£¨Ö  ±É¨¢ Í¨¨, ¨§³¥·¥´´ Ö ¤²Ö
¡μ²ÓÏ¨´¸É¢  ¤¥Ë¥±É´ÒÌ μ¡· §Íμ¢, ´  ∼ 30% ¢ÒÏ¥, Î¥³ ¨¸Ìμ¤´ÒÌ (Φ = 0).
ˆ§³¥·¥´´Ò¥ ¢¥²¨Î¨´Ò ¡²¨§±¨ ± ¢¥²¨Î¨´ ³ ¢ ¤·Ê£¨Ì · ¡μÉ Ì [1, 5].
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’ ±¦¥ ´ ¡²Õ¤ ²¸Ö ¢ÒÌμ¤ �¥ ¨§ ¶μ²μ¸É¥°. 
Éμ ¡Ò²¨ Ï¨·μ±¨¥ ¨ ´¨§-
±¨¥ α-¶μ²μ¸Ò ¶μ ¸· ¢´¥´¨Õ ¸ μ¸É·Ò³¨ ¨ Î¥É±¨³¨ ¶¨± ³¨, ´ ¡²Õ¤ ¥³Ò³¨
¢ [3Ä5]. Œ¥´ÓÏÊÕ ¢Ò¸μÉÊ ¶¨± , ¶μ²ÊÎ¥´´μ£μ ¢ ¤ ´´μ³ Ô±¸¶¥·¨³¥´É¥, ³μ¦´μ
μ¡ÑÖ¸´¨ÉÓ ¤¢Ê³Ö Ë ±Éμ· ³¨: 1) ¤μ§  ¨³¶² ´É Í¨¨ ¢ ¤¢  · §  ³¥´ÓÏ¥, Î¥³ ¢ · -
¡μÉ Ì [4, 5]; 2) Ô´¥·£¨Ö ¨³¶² ´É Í¨¨ §´ Î¨É¥²Ó´μ ¢ÒÏ¥, Î¥³ ¢ · ¡μÉ Ì [4, 5],
¸²¥¤μ¢ É¥²Ó´μ, · ¡μÎ¨° ¤¨ ¶ §μ´ ¶·¨¡²¨§¨É¥²Ó´μ ¢ ¤¢  · §  ¡μ²ÓÏ¥. �¡  ÔÉ¨Ì
Ë ±Éμ·  £μ¢μ·ÖÉ μ Éμ³, ÎÉμ Î¨¸²μ ¶μ²μ¸É¥° ¸ �¥ ´  ¥¤¨´¨ÍÊ ¶μ¢¥·Ì´μ¸É¨ ¢
¤ ´´ÒÌ Ô±¸¶¥·¨³¥´É Ì £μ· §¤μ ³¥´ÓÏ¥. ’ ±¨³ μ¡· §μ³, ¸¨£´ ² μÉ ¢ÒÌμ¤  �¥
¨§ ¶μ²μ¸É¥° ¸² ¡¥¥.

�¸É ¥É¸Ö μÉ±·ÒÉÒ³ ¢μ¶·μ¸ μ Éμ³, ¸±μ²Ó±μ ¶¨±μ¢ ¸μμÉ¢¥É¸É¢Ê¥É ¢ÒÌμ¤Ê
¨§ ¶μ²μ¸É¥°: μ¤¨´, ´μ μÎ¥´Ó Ï¨·μ±¨° ¶¨± ¨²¨, ¸±μ·¥¥, ¤¢  ¶¨±  ´  ∼ 950
¨ ∼ 1150 Š. ‚ É¥Î¥´¨¥ ¶·¥¤Ò¤ÊÐ¨Ì Ô±¸¶¥·¨³¥´Éμ¢ ¢¸¥£¤  ¸μμ¡Ð ²μ¸Ó μ¡ μ¤¨-
´μÎ´μ³ ¶¨±¥ α, ÌμÉÖ μ´ ¡Ò² ´ °¤¥´ ¤²Ö · §´ÒÌ É¥³¶¥· ÉÊ· [1, 3, 6]. ‚ÒÌμ¤ α
´ ¡²Õ¤ ¥É¸Ö ¤²Ö ¸ ³ÒÌ ¢Ò¸μ±¨Ì ¸±μ·μ¸É¥° ´ £·¥¢ . �·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥
 ¸¨³³¥É·¨Î´ÊÕ Ëμ·³Ê ¶¨±  β ¤²Ö β = 0,5 K/c, ³μ¦´μ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ
¶¨± α ¸¤¢¨´ÊÉ ¢ μ¡² ¸ÉÓ ¡μ²¥¥ ´¨§±¨Ì É¥³¶¥· ÉÊ· ¨ Î ¸É¨Î´μ ¶¥·¥±·Ò¢ ¥É¸Ö
¸ ¢ÒÌμ¤μ³ β. �¨± α É ±¦¥ ¨¸Î¥§ ¥É ¸ ·μ¸Éμ³ ¶²μÉ´μ¸É¨ ¶μÉμ±  ¶·¥¤¢ ·¨É¥²Ó-
´μ° ¨³¶² ´É Í¨¨ Si, ¨ ¸É ´μ¢¨É¸Ö ´¥¢¨¤¨³Ò³ ¤²Ö Φ = 1015 ¸³−2. 
Éμ ³μ¦¥É
¶·μ¨¸Ìμ¤¨ÉÓ ¢¸²¥¤¸É¢¨¥ Éμ£μ, ÎÉμ Ê¢¥²¨Î¥´¨¥ ¡¥¸¶μ·Ö¤±  ´ ·ÊÏ ¥É ¢´ÊÉ·¥´-
´¨¥ Î¥É±¨¥ £· ´¨ [1] § ¶μ²´¥´´ÒÌ £¥²¨¥³ ¶μ²μ¸É¥°, ¶μ´¨¦ Ö ¶μÉ¥´Í¨ ²Ó´Ò°
¡ ·Ó¥· ¨, ¸²¥¤μ¢ É¥²Ó´μ, μ¡¥¸¶¥Î¨¢ Ö ¢ÒÌμ¤ �¥ ¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì.

‚›‚�„›

�·¥¤¸É ¢²¥´Ò ¨§³¥·¥´¨Ö ’„‘ ¢ÒÌμ¤  £¥²¨Ö ¨§ ¨³¶² ´É¨·μ¢ ´´ÒÌ £¥-
²¨¥³ μ¡· §Íμ¢ ±·¥³´¨Ö (E = 90 ±Ô‚, Ê£μ² 45◦). �¡· §ÍÒ ±·¥³´¨Ö ¡Ò²¨
¶·¥¤¢ ·¨É¥²Ó´μ ¨³¶² ´É¨·μ¢ ´Ò ¨μ´ ³¨ Si+ (E = 260 ±Ô‚) ¸ ¶²μÉ´μ¸ÉÖ³¨
¶μÉμ±μ¢ 1014, 1015 ¨ 1016 ¸³−2 ¤²Ö Éμ£μ, ÎÉμ¡Ò ¢´¥¸É¨ · §²¨Î´μ¥ ±μ²¨Î¥¸É¢μ
¤¥Ë¥±Éμ¢ ¢ ¶μ¤¶μ¢¥·Ì´μ¸É´Ò° ¸²μ° Éμ²Ð¨´μ° ∼ 400 ´³. �Ò²μ μ¡´ ·Ê¦¥´μ
¤¢  ¢¨¤  ¢ÒÌμ¤  �¥: μ¤¨´ ¨§ ¸μ¤¥·¦ Ð¨Ì �¥ ¢ ± ´¸¨°/³¥¦¤μÊ§²¨° (¶¨± β) ¨
¤·Ê£μ°, ¸μμÉ¢¥É¸É¢ÊÕÐ¨° ¢ÒÌμ¤Ê ¨§ ¶μ²μ¸É¥° (¶¨± α). �¨± α ¨¸Î¥§ ¥É ¤²Ö
μ¡· §Íμ¢, ¶μ¢·¥¦¤¥´´ÒÌ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶μÉμ±μ¢ Si+ ¸ ¶²μÉ´μ¸ÉÖ³¨ ¢ÒÏ¥
1015 ¸³−2. ‚ÒÌμ¤ ¨§ ¶μ²μ¸É¥° ´ ¡²Õ¤ ¥É¸Ö ± ± μÉ¤¥²Ó´Ò°, ´μ μÎ¥´Ó Ï¨·μ-
±¨° ¶¨± Éμ²Ó±μ ¤²Ö ¸ ³μ° ¢Ò¸μ±μ° ¸±μ·μ¸É¨ ´ £·¥¢  0,7 K/c. ”μ·³  ¸¶¥±É·μ¢
’„‘ ¶·¥¤¶μ² £ ¥É ¢μ§³μ¦´μ¸ÉÓ Éμ£μ, ÎÉμ ¢ÒÌμ¤ α ¸μ¸Éμ¨É ¡μ²¥¥ Î¥³ ¨§ μ¤-
´μ£μ ¶¨± . 
É  £¨¶μÉ¥§  ¤μ²¦´  ¡ÒÉÓ ¤¥É ²Ó´μ ¨¸¸²¥¤μ¢ ´  ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³
· §²¨Î´ÒÌ ¸±μ·μ¸É¥° ´ £·¥¢  ¨/¨²¨ Ô´¥·£¨° ¨³¶² ´É Í¨¨. ˜¨·¨´  ¶¨±  β
Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ¶²μÉ´μ¸ÉÓÕ ¶μÉμ±  ¶·¥¤¢ ·¨É¥²Ó´μ° ¨³¶² ´É Í¨¨ Si, É ± ± ±
· ¸É¥É Ô´¥·£¥É¨Î¥¸± Ö ´¥μ¤´μ·μ¤´μ¸ÉÓ ¢Ò§¢ ´´ÒÌ ¤¥Ë¥±Éμ¢. ˆ§³¥´¥´¨Ö Ô´¥·-
£¨¨  ±É¨¢ Í¨¨ ¶¨±  β ¸ ¶²μÉ´μ¸ÉÓÕ ¶μÉμ±  ¶·¥¤¢ ·¨É¥²Ó´μ° ¨³¶² ´É Í¨¨ Si
μ¶·¥¤¥²Ö²¨¸Ó ¶μ ³¥Éμ¤Ê 	¥¤Ì¥¤ . 
´¥·£¨Ö  ±É¨¢ Í¨¨ ´¥¤¥Ë¥±É´ÒÌ μ¡· §Íμ¢
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¸μ¸É ¢²Ö¥É 0,97 Ô‚ (Ìμ·μÏ¥¥ ¸μ£² ¸¨¥ ¸ ²¨É¥· ÉÊ·´Ò³¨ ¤ ´´Ò³¨) ¨ ¢Ò· ¸É ¥É
¤μ 1,3 Ô‚ ¤²Ö Φ = 1016 ¸³−2.
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