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‚² ¸Ê±μ¢  ‹.�. ¨ ¤·. P14-2006-25
‚²¨Ö´¨¥ ¤¥Ëμ·³ Í¨° ´  ¨§³¥´¥´¨¥ ¸É·Ê±ÉÊ·Ò ¶μ¢¥·Ì´μ¸É¨ ±·¥³´¨Ö
¶·¨ μ¡²ÊÎ¥´¨¨ ¨μ´ ³¨ 86Kr ¸ Ô´¥·£¨¥° 253 ŒÔ‚

ˆ§ÊÎ¥´μ ¢²¨Ö´¨¥ ¶·¥¤¢ ·¨É¥²Ó´μ ¸μ§¤ ´´μ° ¤¥Ëμ·³ Í¨¨ ¸É·Ê±ÉÊ·Ò ¢ ±·¥³´¨¨ ¶ÊÉ¥³ ´ ´¥¸¥´¨Ö
¶μ¢¥·Ì´μ¸É´ÒÌ ³ ±·μÍ · ¶¨´ ´  ¶·μÍ¥¸¸Ò · ¸¶Ò²¥´¨Ö ¶·¨ ¶μ¸²¥¤ÊÕÐ¥³ μ¡²ÊÎ¥´¨¨ ¨μ´ ³¨ 86Kr
¢Ò¸μ±μ° Ô´¥·£¨¨. Œ¥Éμ¤μ³  Éμ³´μ-¸¨²μ¢μ° ³¨±·μ¸±μ¶¨¨ (�‘Œ) μ¡´ ·Ê¦¥´μ, ÎÉμ ¶·μ¨¸Ìμ¤¨É §´ -
Î¨É¥²Ó´μ¥ ¢Ò· ¢´¨¢ ´¨¥ ¶μ¢¥·Ì´μ¸É¨ μ¡²ÊÎ¥´´μ£μ ±·¥³´¨Ö, ¢ μ¸μ¡¥´´μ¸É¨ ÔÉμ ± ¸ ¥É¸Ö ¸£² ¦¨¢ ´¨Ö
³¨±·μÍ · ¶¨´, μ¡· §μ¢ ´´ÒÌ ¶·¨ ³¥Ì ´¨Î¥¸±μ° ¶μ²¨·μ¢±¥ ¨¸Ìμ¤´ÒÌ ¶² ¸É¨´ ±·¥³´¨Ö. ˆ¸¸²¥¤μ-
¢ ´¨Ö ¸É·Ê±ÉÊ·Ò μ¡²ÊÎ¥´´μ° ¶μ¢¥·Ì´μ¸É¨ �‘Œ ¶μ§¢μ²¨²¨ Ê¸É ´μ¢¨ÉÓ, ÎÉμ ´¥¢μ§³μ¦´μ μ¡ÑÖ¸´¨ÉÓ
¨§³¥´¥´¨Ö §  ¸Î¥É μ¤´¨Ì ¶·μÍ¥¸¸μ¢ Ê¶·Ê£μ£μ ± ¸± ¤´μ£μ · ¸¶Ò²¥´¨Ö, · ¸¸Î¨É ´´μ£μ ¸ ¨¸¶μ²Ó§μ¢ -
´¨¥³ ±μ³¶ÓÕÉ¥·´μ° ¶·μ£· ³³Ò TRIM-98. �  μ¸´μ¢ ´¨¨ ÔÉμ£μ ³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤ μ Éμ³, ÎÉμ
§  ¸Î¥É Ê¶·Ê£¨Ì ¶·μÍ¥¸¸μ¢ · ¸¶Ò²¥´¨Ö ´¥¢μ§³μ¦´μ ¡Ò²μ ¡Ò μ¡´ ·Ê¦¨ÉÓ ± ±¨¥-´¨¡Ê¤Ó ¨§³¥´¥´¨Ö
¸É·Ê±ÉÊ·Ò ¶μ¢¥·Ì´μ¸É¨ ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ¨μ´ ³¨ ±·¨¶Éμ´  ¤μ Ë²Õ¥´¸  ”Kr = 1,3 · 1014 ¨μ´/¸³2 ,
É ± ± ± · ¸Î¥É´μ¥ §´ Î¥´¨¥ Éμ²Ð¨´Ò · ¸¶Ò²¥´´μ£μ ¸²μÖ ¸μ¸É ¢²Ö¥É ΔHKr

Sputtering = 5,5 · 10−4�A.
‘²¥¤μ¢ É¥²Ó´μ, ¨§³¥´¥´¨Ö ¸É·Ê±ÉÊ·Ò ¶μ¢¥·Ì´μ¸É¨ μ¡Ê¸²μ¢²¥´Ò μ¤´¨³ ¨§ ³¥Ì ´¨§³μ¢ ´¥Ê¶·Ê£μ£μ
· ¸¶Ò²¥´¨Ö, ´ ¨¡μ²¥¥ ¢¥·μÖÉ´μ Å ³μ¤¥²ÓÕ É¥·³¨Î¥¸±μ£μ ¶¨± .

�  μÉ¤¥²Ó´ÒÌ ÊÎ ¸É± Ì ¶μ¢¥·Ì´μ¸É¨ ¶μÍ · ¶ ´´ÒÌ μ¡· §Íμ¢ μ¡´ ·Ê¦¥´Ò ³¨±·μÉ·¥Ð¨´Ò, ¸¢¨¤¥-
É¥²Ó¸É¢ÊÕÐ¨¥ μ §´ Î¨É¥²Ó´ÒÌ ³¥Ì ´¨Î¥¸±¨Ì ´ ¶·Ö¦¥´¨ÖÌ ¢ ±·¨¸É ²²¥ Si, ¨´¨Í¨¨·μ¢ ´´ÒÌ μ¡²ÊÎ¥-
´¨¥³ ÉÖ¦¥²Ò³¨ ¨μ´ ³¨ ±·¨¶Éμ´ .

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³. ƒ. �.”²¥·μ¢ .

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2006

Vlasukova L.A. et al. P14-2006-25
The In�uence of Deformation on the Surface Structure of Silicon Under Irradiation by 86Kr
Ions with Energy 253 MeV

The in�uence of the previously produced deformation in silicon structure by means of macro-scratch
surface covering on the sputtering processes under following irradiation by swift 86Kr ions is studied.
The signiˇcant leveling of surface relief of irradiated silicon was observed using atomic force microscopy
method (AFM), in particular it takes place for smoothing of micro-scratches produced by mechanical
polishing of silicon initial plates. The experimental studies of irradiated surface allowed one to conclude
that it is impossible to explain the surface changes only by elastic cascade mechanism as it was calculated
using the computer code TRIM-98, because the calculated sputtered layers of silicon at ion �uence
ΦKr = 1.3 · 1014 ion/cm2 should be ΔHKr

Sputtering = 5.5 · 10−3�A. Correspondingly, the surface
changes should be explained by one of mechanisms of inelastic sputtering.

The macro-cracks on the surface were observed near the scratches. It means that the signiˇcant
mechanical strains take place in silicon single crystal stimulated by swift krypton heavy ion irradiation.

The investigation has been performed at the Flerov Laboratory of Nuclear Reactions.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2006



‚‚…„…�ˆ…

ˆ§ÊÎ¥´¨Õ ¶·μÍ¥¸¸μ¢ μ¡· §μ¢ ´¨Ö É·¥±  ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¢Ò¸μ±¨Ì Ô´¥·£¨°
¢ ³μ´μ±·¨¸É ²² Ì ¶μ²Ê¶·μ¢μ¤´¨±μ¢ Ê¤¥²Ö¥É¸Ö ¶·¨¸É ²Ó´μ¥ ¢´¨³ ´¨¥ ¢ É¥Î¥-
´¨¥ ¤²¨É¥²Ó´μ£μ ¶¥·¨μ¤  ¢·¥³¥´¨ [1Ä4]. �μ ¤μ ´ ¸ÉμÖÐ¥£μ ¢·¥³¥´¨ ¶μ²´μ£μ
¶μ´¨³ ´¨Ö ¢²¨Ö´¨Ö · §²¨Î´ÒÌ Ë ±Éμ·μ¢, É ±¨Ì ± ± Ê·μ¢¥´Ó ¨μ´¨§ Í¨μ´´ÒÌ
¶μÉ¥·Ó Ô´¥·£¨¨, ¸±μ·μ¸ÉÓ ¡μ³¡ ·¤¨·ÊÕÐ¥£μ ¨μ´ , ¢²¨Ö´¨¥ ¤¥Ë¥±Éμ¢ ¸É·Ê±-
ÉÊ·Ò · §²¨Î´μ£μ ¶·μ¨¸Ìμ¦¤¥´¨Ö ¨ ·Ö¤  ¤·Ê£¨Ì, ´  Ëμ·³¨·μ¢ ´¨¥ ¸¨²Ó´μ
¤¥¸É·Ê±É¨·μ¢ ´´μ° μ¡² ¸É¨ (É·¥± ) ¥Ð¥ ´¥ ¨³¥¥É¸Ö. �¸´μ¢´Ò³¨ ³μ¤¥²Ö³¨
μ¡· §μ¢ ´¨Ö É·¥±  ¨μ´  ¢ ³ É¥·¨ ²¥ Ö¢²ÖÕÉ¸Ö ³μ¤¥²Ó É¥·³¨Î¥¸±μ£μ ¶¨±  ¨
±Ê²μ´μ¢¸±μ£μ ¢§·Ò¢  [1] ¨²¨ ¨Ì ³μ¤¨Ë¨± Í¨¨ [1, 2, 5Ä7]. �¸´μ¢´Ò³ ³ É¥·¨-
 ²μ³ ¤²Ö ¨§£μÉμ¢²¥´¨Ö ¶μ²Ê¶·μ¢μ¤´¨±μ¢ÒÌ Ê¸É·μ°¸É¢ Ö¢²Ö¥É¸Ö ³μ´μ±·¨¸É ²²
±·¥³´¨Ö (c³., ´ ¶·¨³¥·, [8] ¨ Í¨É¨·μ¢ ´´ÊÕ É ³ ²¨É¥· ÉÊ·Ê). �μÔÉμ³Ê ¤¥-
É ²Ó´μ¥ ¨§ÊÎ¥´¨¥ ¶·μÍ¥¸¸μ¢, ¶·μÉ¥± ÕÐ¨Ì ¢ ³μ´μ±·¨¸É ²²¨Î¥¸±μ³ ±·¥³´¨¨,
Ö¢²Ö¥É¸Ö ¢ ¦´μ° ¨  ±ÉÊ ²Ó´μ° § ¤ Î¥°.

� ¸Ï¨·Ö¥É¸Ö ¨¸¶μ²Ó§μ¢ ´¨¥ Ê¸±μ·¨É¥²¥° ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¢Ò¸μ±¨Ì Ô´¥·-
£¨° ¤²Ö ¨§ÊÎ¥´¨Ö ¶·μÍ¥¸¸μ¢ · ¤¨ Í¨μ´´μ£μ ¤¥Ë¥±Éμμ¡· §μ¢ ´¨Ö [2, 3, 7] ¢
·Ö¤¥ ¸É· ´ ¨ · §· ¡ ÉÒ¢ ÕÉ¸Ö ´μ¢Ò¥ ³¥Éμ¤Ò ¶·¥Í¨§¨μ´´μ£μ ¨§ÊÎ¥´¨Ö Éμ¶μ-
£· Ë¨¨ ¶μ¢¥·Ì´μ¸É¨ [5, 6]. ‚¸¥ ¡μ²ÓÏ¥ ¢´¨³ ´¨Ö ¸É ²μ Ê¤¥²ÖÉÓ¸Ö ¨§ÊÎ¥´¨Õ
¶·μÍ¥¸¸μ¢ ¶·μÌμ¦¤¥´¨Ö ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¢Ò¸μ±¨Ì Ô´¥·£¨° Î¥·¥§ ¶μ¢¥·Ì´μ¸ÉÓ
É¢¥·¤ÒÌ É¥², ¶·¨¢μ¤ÖÐ¨Ì ± ¨§³¥´¥´¨Õ ¥¥ ·¥²Ó¥Ë , μ¡Ê¸²μ¢²¥´´μ³Ê ¶·μÍ¥¸-
¸ ³¨ Ê¶·Ê£μ£μ [9], ´¥Ê¶·Ê£μ£μ [10] · ¸¶Ò²¥´¨Ö ¨ É·¥±μμ¡· §μ¢ ´¨Ö [1, 2, 5Ä7].

ˆ§¢¥¸É´μ, ÎÉμ ´  ¶·μÍ¥¸¸Ò · ¸¶Ò²¥´¨Ö ¶μ¤ ¤¥°¸É¢¨¥³ μ¸±μ²±μ¢ ¤¥²¥´¨Ö
¨ ¨μ´μ¢ ¢Ò¸μ±¨Ì Ô´¥·£¨° μ¶·¥¤¥²ÖÕÐ¥¥ ¢²¨Ö´¨¥ μ± §Ò¢ ÕÉ ¨¸Ìμ¤´ Ö ¸É·Ê±-
ÉÊ·  · ¸¶Ò²Ö¥³μ£μ ³ É¥·¨ ²  (¸μ¸ÉμÖ´¨¥ ¶·¨¶μ¢¥·Ì´μ¸É´ÒÌ ¸²μ¥¢) ¨ Ô´¥·£¨Ö
¡μ³¡ ·¤¨·ÊÕÐ¥° Î ¸É¨ÍÒ.

–¥²Ó ´ ¸ÉμÖÐ¥° · ¡μÉÒ Å ¨§ÊÎ¥´¨¥ μ¸μ¡¥´´μ¸É¥° ¨§³¥´¥´¨Ö Éμ¶μ£· Ë¨¨
¶μ¢¥·Ì´μ¸É¨,   É ±¦¥ ¨§³¥´¥´¨° ¢ ³μ´μ±·¨¸É ²²¥ ±·¥³´¨Ö, ¶·¥¤¢ ·¨É¥²Ó´μ
¤¥Ëμ·³¨·μ¢ ´´μ³ ¶ÊÉ¥³ ´ ´¥¸¥´¨Ö ´  ¶μ¢¥·Ì´μ¸ÉÓ Í · ¶¨´, ¶·¨ μ¡²ÊÎ¥´¨¨
ÉÖ¦¥²Ò³¨ ¨μ´ ³¨ 86Kr ¢Ò¸μ±μ° Ô´¥·£¨¨.

1. �Š‘�…�ˆŒ…�’�‹œ�›… �…‡“‹œ’�’› ˆ ��‘“†„…�ˆ…

„²Ö ¶·μ¢¥¤¥´¨Ö ¨¸¸²¥¤μ¢ ´¨° ¡Ò²¨ ¨¸¶μ²Ó§μ¢ ´Ò μ¡· §ÍÒ ±·¥³´¨Ö
n-É¨¶  ¡¥§ ²¥£¨·μ¢ ´¨Ö ¸ Ê¤¥²Ó´Ò³ ¸μ¶·μÉ¨¢²¥´¨¥³ ρ = 2,0·103 �³·¸³. � 
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¶μ¢¥·Ì´μ¸É¨ ¨¸Ìμ¤´ÒÌ μ¡· §Íμ¢ ¶¥·¥¤ μ¡²ÊÎ¥´¨¥³ ¡Ò²¨ ´ ´¥¸¥´Ò ¶ · ²-
²¥²Ó´Ò¥ Í · ¶¨´Ò, ¢¨¤¨³Ò¥ ¢¨§Ê ²Ó´μ. Š ± ¨§¢¥¸É´μ, ¶·¨ ´ ´¥¸¥´¨¨ Í · -
¶¨´ ¶·μ¨¸Ìμ¤¨É ¤¥Ëμ·³ Í¨Ö ³ É¥·¨ ²  ± ± ¶μ¤ ´¥°, É ± ¨ ¢¡²¨§¨ ´¥¥. �·¨
ÔÉμ³ μ¡· §ÊÕÉ¸Ö ¶·μÉÖ¦¥´´Ò¥ ¤¥Ë¥±ÉÒ É¨¶  ¤¨¸²μ± Í¨° ¨ ¶¥É¥²Ó,   É ±¦¥
ÉμÎ¥Î´Ò¥ ¤¥Ë¥±ÉÒ.

�¨¸. 1. ‘
Œ-¨§μ¡· ¦¥´¨¥ ´¥μ¡²ÊÎ¥´´μ° ¶μ¢¥·Ì´μ¸É¨ Si:  ) μ¡² ¸ÉÓ ¡¥§ Í · ¶¨´;
¡) ¸¶¥Í¨ ²Ó´μ ¶μÍ · ¶ ´´Ò° ÊÎ ¸Éμ±

�¨¸. 2. ‘
Œ-¨§μ¡· ¦¥´¨¥ μ¤´μ° ¨ Éμ° ¦¥ Í · ¶¨´Ò ´  ´¥μ¡²ÊÎ¥´´μ³ ( ) ¨ μ¡²ÊÎ¥´-
´μ³ ¨μ´ ³¨ ±·¨¶Éμ´  (¡) ÊÎ ¸É± Ì ¶μ¢¥·Ì´μ¸É¨ ±·¥³´¨Ö
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�  ·¨¸. 1 ¶·¥¤¸É ¢²¥´Ò ËμÉμ£· Ë¨¨ Î ¸É¨ ¶μ¢¥·Ì´μ¸É¨ μ¡· §Í  Si ¡¥§ ´ -
´¥¸¥´´ÒÌ Í · ¶¨´ ( ) ¨ ¸ Í · ¶¨´μ° (¡), ¸¤¥² ´´Ò¥ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³¥Éμ¤ 
¸± ´¨·ÊÕÐ¥° Ô²¥±É·μ´´μ° ³¨±·μ¸±μ¶¨¨ (‘
Œ) ´  · ¸É·μ¢μ³ ³¨±·μ¸±μ¶¥
®Hitachi¯.

�¨¸. 3. �‘Œ-¨§μ¡· ¦¥´¨Ö ´¥μ¡²ÊÎ¥´´μ° ( ) ¨ μ¡²ÊÎ¥´´μ° ¨μ´ ³¨ ±·¨¶Éμ´  (¡) Î ¸É¥°
¶μ¢¥·Ì´μ¸É¨ ±·¥³´¨Ö
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�¨¸. 4. ‘
Œ-¨§μ¡· ¦¥´¨Ö ¤¢ÊÌ μ¡² ¸É¥° ¸ ³¨±·μÉ·¥Ð¨´ ³¨ ´  μ¡²ÊÎ¥´´μ° ¨μ´ ³¨
¶μ¢¥·Ì´μ¸É¨ ±·¥³´¨Ö ¸ Í · ¶¨´ ³¨. �  ËμÉμ£· Ë¨ÖÌ ( ) ¨ (¡) Ê¢¥²¨Î¥´¨Ö ×3000 ¨
×2500 ¸μμÉ¢¥É¸É¢¥´´μ

�μ¤£μÉμ¢²¥´´Ò¥ É ±¨³ μ¡· §μ³ μ¡· §ÍÒ ¡Ò²¨ μ¡²ÊÎ¥´Ò ÉÖ¦¥²Ò³¨ ¨μ-
´ ³¨ 86Kr ¸ Ô´¥·£¨¥° E = 253 ŒÔ‚ ¤μ Ë²Õ¥´¸  ”Kr = 1,3·1014¨μ´/¸³2. �·¨
μ¡²ÊÎ¥´¨¨ ¶μ²μ¢¨´Ò μ¡· §Íμ¢ ¡Ò²¨ ¶¥·¥±·ÒÉÒ ´¨±¥²¥¢μ° Ëμ²Ó£μ° ¸ Éμ²Ð¨-
´μ°, ¶·¥¢ÒÏ ÕÐ¥° ¶·μ¡¥£ ¨μ´μ¢. 
Éμ ¶μ§¢μ²¨²μ ¨§ÊÎ ÉÓ ¨§³¥´¥´¨¥ ·¥²Ó¥Ë 
¶μ¢¥·Ì´μ¸É¨ ¢¤μ²Ó ¢Ò¤¥²¥´´μ° Í · ¶¨´Ò ¶·¨ ¶¥·¥Ìμ¤¥ μÉ μ¡²ÊÎ¥´´μ° ¥¥
Î ¸É¨ ± ´¥μ¡²ÊÎ¥´´μ°. ’¥³¶¥· ÉÊ·  ¶·¨ μ¡²ÊÎ¥´¨¨ μ¡· §Íμ¢ ´¥ ¶·¥¢ÒÏ ² 
40 ◦‘. �  ·¨¸. 2 ¶·¨ μ¤¨´ ±μ¢μ³ Ê¢¥²¨Î¥´¨¨ ¶·¨¢¥¤¥´Ò ¨§μ¡· ¦¥´¨Ö ¸É·Ê±-
ÉÊ·Ò ¶μ¢¥·Ì´μ¸É¨ ±·¥³´¨Ö ¢¤μ²Ó μ¤´μ° Í · ¶¨´Ò ¤²Ö ¥¥ ´¥μ¡²ÊÎ¥´´μ£μ ( )
¨ μ¡²ÊÎ¥´´μ£μ ¨μ´ ³¨ (¡) ÊÎ ¸É±μ¢.

Š ± ¢¨¤´μ, μ¡²ÊÎ¥´¨¥ ÉÖ¦¥²Ò³¨ ¨μ´ ³¨ ¶·¨ Ë²Õ¥´¸¥ ”Kr = 1,3 ×
1014 ¨μ´/¸³2 ´¥ ¶·¨¢μ¤¨É ± ¸ÊÐ¥¸É¢¥´´Ò³ ¨§³¥´¥´¨Ö³ Éμ¶μ£· Ë¨¨ ¶μ¢¥·Ì-
´μ¸É¨. ‚ Éμ ¦¥ ¢·¥³Ö ´  μ¡²ÊÎ¥´´μ³ ÊÎ ¸É±¥ ¶μ¢¥·Ì´μ¸É¨ ´ ¡²Õ¤ ¥É¸Ö ¸£² -
¦¨¢ ´¨¥ ¸É·Ê±ÉÊ·Ò Í · ¶¨´Ò §  ¸Î¥É ¶·μ¨¸Ìμ¤ÖÐ¨Ì ¶·μÍ¥¸¸μ¢ ´¥Ê¶·Ê£μ£μ
· ¸¶Ò²¥´¨Ö, ÎÉμ ¡Ê¤¥É ¶μ± § ´μ ¤ ²¥¥.

�  ·¨¸. 3 ¶·¥¤¸É ¢²¥´  Éμ¶μ£· Ë¨Ö ¶μ¢¥·Ì´μ¸É¨ ´¥μ¡²ÊÎ¥´´μ° Î ¸É¨ ( )
¨ μ¡²ÊÎ¥´´μ° ¨μ´ ³¨ ±·¨¶Éμ´  Î ¸É¨ (¡) μ¡· §Í  ±·¥³´¨Ö, ¶μ²ÊÎ¥´´Ò¥ ¸ ¨¸-
¶μ²Ó§μ¢ ´¨¥³  Éμ³´μ-¸¨²μ¢μ£μ ³¨±·μ¸±μ¶  ®Femtoscan 001¯ (³¥Éμ¤ �‘Œ).
Š ± ¨ ´  ·¨¸. 2, ¡, ´  ·¨¸. 3, ¡ § ³¥É´μ §´ Î¨É¥²Ó´μ¥ ¸£² ¦¨¢ ´¨¥ ´ ´¥¸¥´´ÒÌ
¶·¨ ³¥Ì ´¨Î¥¸±μ° ¶μ²¨·μ¢±¥ Í · ¶¨´, Î ¸ÉÓ ¨§ ±μÉμ·ÒÌ ¶· ±É¨Î¥¸±¨ ´¥§ -
³¥É´ . �μ³¨³μ ÔÉμ£μ ´  ÊÎ ¸É± Ì ³¥¦¤Ê Í · ¶¨´ ³¨ ¶μÖ¢²Ö¥É¸Ö ¸¢μ¥μ¡· §´ Ö
®·Ö¡Ó¯, É ±¦¥ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÐ Ö μ ¶·μÍ¥¸¸ Ì ´¥Ê¶·Ê£μ£μ · ¸¶Ò²¥´¨Ö.
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�É³¥É¨³, ÎÉμ ¢ · ¡μÉ Ì [11Ä13] ¡Ò²¨ ¨§ÊÎ¥´Ò ¶·μÍ¥¸¸Ò · ¸¶Ò²¥´¨Ö
±·¨¸É ²²μ¢ GaAs, InP ¨ Ô¶¨É ±¸¨ ²Ó´ÒÌ ¸²μ¥¢ Si0,84Ge0,16 ¶μ¤ ¤¥°¸É¢¨¥³
¡μ³¡ ·¤¨·μ¢±¨ ¨μ´ ³¨ 40Ar ¢ ¤¨ ¶ §μ´¥ Ô´¥·£¨° 0,5Ä5 ±Ô‚. �μ± § ´μ, ÎÉμ
¶μ¸²¥ μ¡²ÊÎ¥´¨Ö GaAs ¨ Si0,84Ge0,16¨μ´ ³¨  ·£μ´  ¶μ¢¥·Ì´μ¸ÉÓ μ¸É ¥É¸Ö ¤μ-
¸É ÉμÎ´μ £² ¤±μ°, ´μ ´  ´¥° ¶μÖ¢²Ö¥É¸Ö ®·Ö¡Ó¯, ± ± ¨ ´  ·¨¸. 2, ¡ ¨ 3, ¡. �·¨
ÔÉμ³ § ³¥É´Ò¥ ¨§³¥´¥´¨Ö Ï¥·μÌμ¢ Éμ¸É¨ ´ Î¨´ ÕÉ¸Ö ¸ Ë²Õ¥´¸  μ¡²ÊÎ¥´¨Ö
”Ar ∼ 1015 ¨μ´/¸³2.

�  μ¤´μ³ ¨§ ¨§ÊÎ¥´´ÒÌ ÊÎ ¸É±μ¢ ¶μ¢¥·Ì´μ¸É¨ ±·¥³´¨Ö ¸ ´ ´¥¸¥´´Ò³¨
Í · ¶¨´ ³¨ ¡Ò²¨ μ¡´ ·Ê¦¥´Ò μ¡² ¸É¨ ¸ ³¨±·μÉ·¥Ð¨´ ³¨. �  ·¨¸. 4 ¶·¨¢¥-
¤¥´Ò ¨§μ¡· ¦¥´¨Ö ¤¢ÊÌ É ±¨Ì Ì · ±É¥·´ÒÌ ÊÎ ¸É±μ¢.

2. ��‘“†„…�ˆ… �…‡“‹œ’�’�‚

„²Ö ¨μ´μ¢ 86Kr ¸ Ô´¥·£¨¥° EKr = 253 ŒÔ‚ ¨ Ë²Õ¥´¸  μ¡²ÊÎ¥´¨Ö ”Kr =
1,3·1014 ¨μ´/¸³2 ¢ ±·¥³´¨¨ ¢¥²¨Î¨´Ò ¶·μ¥±É¨¢´μ£μ ¶·μ¡¥£  Rp, §´ Î¥´¨Ö
Ê¤¥²Ó´ÒÌ ¨μ´¨§ Í¨μ´´ÒÌ ¶μÉ¥·Ó Ô´¥·£¨¨ SKr

e = −(dE/dx)inel, ¸¥Î¥´¨Ö ¤¥-
Ë¥±Éμμ¡· §μ¢ ´¨Ö ´  ¢Ìμ¤¥ ¢ ³¨Ï¥´Ó σ(x = 0) ¨ ¢ μ¡² ¸É¨ ¶¨±  	·Ô££ 
σ(x ≈ Rp), ¤μ§Ò ¶μ¢·¥¦¤¥´¨° D(x = 0) = σ(x = 0) · ”Kr ¨ D( ≈ Rp) =
σ(x ≈ Rp) · ”Kr ¨ ±μÔËË¨Í¨¥´É · ¸¶Ò²¥´¨Ö SSi  Éμ³μ¢ ±·¥³´¨Ö (¶μ ³μ¤¥²¨
Ê¶·Ê£μ£μ · ¸¶Ò²¥´¨Ö [9]), · ¸¸Î¨É ´Ò ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ±μ³¶ÓÕÉ¥·´μ° ¶·μ-
£· ³³Ò TRIM-98 [14]. ‚¸¥ ¢ÒÏ¥¶¥·¥Î¨¸²¥´´Ò¥ ¶ · ³¥É·Ò ¶·¥¤¸É ¢²¥´Ò ¢
É ¡²¨Í¥. �μ·μ£μ¢ Ö Ô´¥·£¨Ö ¤¥Ë¥±Éμμ¡· §μ¢ ´¨Ö · ¢´  Ed = 15 Ô‚.

�·μ¡¥£ Rp ¨μ´μ¢ 86Kr (E = 253 ŒÔ‚), ¢¥²¨Î¨´  Ê¤¥²Ó´ÒÌ ¨μ´¨§ Í¨μ´´ÒÌ
¶μÉ¥·Ó Ô´¥·£¨¨ ¢ ¶·¨¶μ¢¥·Ì´μ¸É´μ³ ¸²μ¥ SKr

e = −(dE/dx)inel, ¸¥Î¥´¨Ö
¤¥Ë¥±Éμμ¡· §μ¢ ´¨Ö ¢¡²¨§¨ ¶μ¢¥·Ì´μ¸É¨ σ(x = 0) ¨ ¢ μ¡² ¸É¨ ¶¨±  �·Ô££ 

σ(x ≈ Rp), ¤μ§Ò ¶μ¢·¥¦¤¥´¨° D(x = 0) ¨ D(x ≈ RKr
p ) ¨ ±μÔËË¨Í¨¥´É

· ¸¶Ò²¥´¨Ö SKr

Rp, Se, σ(x = 0), σ(x ≈ Rp), D(x = 0), D(x ≈ Rp), SKr,
³±³ ±Ô‚/´³ (¸.´. .·¸³2)/¨μ´ (¸.´. .·¸³2)/¨μ´ ¸.´. . ¸.´. .  Éμ³/¨μ´
32,2 9,6 3,0·10−17 2,2·10−15 8,7·10−3 4,2·10−1 0,021

‘²¥¤μ¢ É¥²Ó´μ, ¤²Ö Ë²Õ¥´¸  ¨μ´´μ£μ μ¡²ÊÎ¥´¨Ö ”Kr = 1,3·1014 ¨μ´/¸³2

³ ±¸¨³ ²Ó´ Ö Éμ²Ð¨´  · ¸¶Ò²¥´´μ£μ ¸²μÖ ³μ¦¥É ¡ÒÉÓ μÍ¥´¥´  ¨§ ¢Ò· ¦¥´¨Ö

ΔKr
· ¸¶ = SKr · ”Kr/NSi ≈ 5, 5 · 10−4 ´³, (1)

§¤¥¸Ó NSi = 4,976·1022  Éμ³/¸³3 Å Î¨¸²μ  Éμ³μ¢ ±·¥³´¨Ö ¢ ¥¤¨´¨Í¥ μ¡Ñ¥³ .
…¸É¥¸É¢¥´´μ, ÎÉμ ¶·¨ É ±μ° ³ ²μ° Éμ²Ð¨´¥ · ¸¶Ò²¥´´μ£μ ¸²μÖ ± ±¨¥-²¨¡μ
¨§³¥´¥´¨Ö Éμ¶μ£· Ë¨¨ ¶μ¢¥·Ì´μ¸É¨ μ¡´ ·Ê¦¨ÉÓ ´¥¢μ§³μ¦´μ. ‘ ¶·¨³¥´¥´¨¥³
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¶·μ£· ³³Ò TRIM-98 [14] ´ ³¨ ¡Ò²¨ ¢ÒÎ¨¸²¥´Ò ±μÔËË¨Í¨¥´ÉÒ · ¸¶Ò²¥´¨Ö
 Éμ³μ¢ Si ¨ Ge ¶·¨ ¡μ³¡ ·¤¨·μ¢±¥ ¨μ´ ³¨ 40Ar (Ô´¥·£¨Ö 5 ±Ô‚), ¸μ¸É -
¢²ÖÕÐ¨¥ SAr

Si = 1,1  Éμ³/¨μ´ ¨ SAr
Ge = 0,27  Éμ³/¨μ´. � ¸Î¥É´ Ö ¶²μÉ´μ¸ÉÓ

Si0,84Ge0,16ρSiGe = 2,805 £/¸³3,   ¶²μÉ´μ¸ÉÓ  Éμ³μ¢ NSiGe = 4,799·1022¸³−3.
’μ£¤  ¤²Ö Ë²Õ¥´¸  ”Ar = 1015 ¨μ´/¸³2 ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ¨μ´ ³¨ 40Ar ¸·¥¤´ÖÖ
Éμ²Ð¨´  · ¸¶Ò²¥´´μ£μ ¸²μÖ ¶·¨³¥·´μ ¸μ¸É ¢¨É:

ΔAr
· ¸¶ ≈ (0, 84 · SAr

Si + 0, 16 · SAr
Ge) · ”Ar/NSiGe ≈ 0, 2 ´³. (2)

�·¨³¥·´μ ´  É ±μ¥ §´ Î¥´¨¥ ¨ Ê³¥´ÓÏ ¥É¸Ö Ï¥·μÌμ¢ Éμ¸ÉÓ ¶μ¢¥·Ì´μ¸É¨
Si0,84Ge0,16 (rms roughness) ¤²Ö ¤ ´´μ£μ Ë²Õ¥´¸  ¨μ´μ¢ Ar, É. ¥. Ô±¸¶¥·¨-
³¥´É ²Ó´μ ¨§³¥·¥´´Ò¥ §´ Î¥´¨Ö ±μÔËË¨Í¨¥´Éμ¢ · ¸¶Ò²¥´¨Ö ¸μ£² ¸ÊÕÉ¸Ö ¸
· ¸Î¥É´Ò³¨ §´ Î¥´¨Ö³¨ ¶μ É¥μ·¨¨ Ê¶·Ê£μ£μ · ¸¶Ò²¥´¨Ö [9].

3. ‚›‚�„›

Š ± ¢¨¤´μ ¨§ ¢Ò· ¦¥´¨Ö (1), §  ¸Î¥É Ê¶·Ê£¨Ì ¶·μÍ¥¸¸μ¢ · ¸¶Ò²¥´¨Ö ´¥-
¢μ§³μ¦´μ ¡Ò²μ ¡Ò μ¡´ ·Ê¦¨ÉÓ ± ±¨¥-´¨¡Ê¤Ó ¨§³¥´¥´¨Ö ¸É·Ê±ÉÊ·Ò ¶μ¢¥·Ì´μ-
¸É¨ ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ¨μ´ ³¨ ±·¨¶Éμ´  ¤μ Ë²Õ¥´¸  ”Kr = 1,3·1014 ¨μ´/¸³2.
�μÔÉμ³Ê ³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤ μ Éμ³, ÎÉμ ¨§³¥´¥´¨Ö ¸É·Ê±ÉÊ·Ò ¶μ¢¥·Ì´μ¸É¨
(·¨¸. 2, ¡ ¨ ·¨¸. 3, ¡) μ¡Ê¸²μ¢²¥´Ò μ¤´¨³ ¨§ ³¥Ì ´¨§³μ¢ ´¥Ê¶·Ê£μ£μ · ¸¶Ò²¥-
´¨Ö [10, 14].

�¡´ ·Ê¦¥´´Ò¥ ´  μÉ¤¥²Ó´ÒÌ ÊÎ ¸É± Ì ¶μ¢¥·Ì´μ¸É¨ ¶μÍ · ¶ ´´ÒÌ μ¡· §-
Íμ¢ ³¨±·μÉ·¥Ð¨´Ò (·¨¸. 4) ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ μ §´ Î¨É¥²Ó´ÒÌ ³¥Ì ´¨Î¥¸±¨Ì
´ ¶·Ö¦¥´¨ÖÌ ¢ ±·¨¸É ²²¥ Si, ¨´¨Í¨¨·μ¢ ´´ÒÌ μ¡²ÊÎ¥´¨¥³ ÉÖ¦¥²Ò³¨ ¨μ´ ³¨
±·¨¶Éμ´ . ‚μ§· ¸É ´¨¥ Ê·μ¢´Ö ³¥Ì ´¨Î¥¸±¨Ì ´ ¶·Ö¦¥´¨° ³μ¦¥É ¡ÒÉÓ μ¡Ê-
¸²μ¢²¥´μ ¤¥Ë¥±É ³¨ ¸É·Ê±ÉÊ·Ò, ¸μ§¤ ´´Ò³¨ ¶·¨ ´ ´¥¸¥´¨¨ ³¥Ì ´¨Î¥¸±¨Ì
Í · ¶¨´. Š ± ¨§¢¥¸É´μ, ¢¡²¨§¨ ¨ ¶μ¤ É ±¨³¨ Í · ¶¨´ ³¨ μ¡· §ÊÕÉ¸Ö ± ±
¶·μÉÖ¦¥´´Ò¥, É ± ¨ ÉμÎ¥Î´Ò¥ ¤¥Ë¥±ÉÒ ¸É·Ê±ÉÊ·Ò. � ²¨Î¨¥ É ±¨Ì ¤¥Ë¥±Éμ¢
Ê³¥´ÓÏ ¥É ¤²¨´Ê ¸¢μ¡μ¤´μ£μ ¶·μ¡¥£  ¢μ§¡Ê¦¤¥´´ÒÌ (®£μ·ÖÎ¨Ì¯) Ô²¥±É·μ´μ¢,
μ¡· §ÊÕÐ¨Ì¸Ö ¶·¨ ¶·μÌμ¦¤¥´¨¨ ÉÖ¦¥²μ£μ ¨μ´ , ¨ É¥³ ¸ ³Ò³ ²μ± ²¨§Ê¥É
μ¡² ¸ÉÓ ¢Ò¤¥²¥´´μ° Ô´¥·£¨¨. 
Éμ ³μ¦¥É ¶·¨¢μ¤¨ÉÓ ± ²μ± ²Ó´Ò³ ¶¥·¥£·¥¢ ³
¨ ¨§³¥´ÖÉÓ ¸±μ·μ¸ÉÓ ·¥±·¨¸É ²²¨§ Í¨¨ ¶¥·¥£·¥Éμ° μ¡² ¸É¨ (¸³., ´ ¶·¨³¥·,
μ¡§μ· [2]).
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