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—¨·¨±μ¢-‡μ·¨´ ˆ. …. „13-2017-28
�μ¢Ò° ³¥Éμ¤ μ¶·¥¤¥²¥´¨Ö ´ ¶·Ö¦¥´¨Ö ² ¢¨´´μ£μ ¶·μ¡μÖ
±·¥³´¨¥¢ÒÌ ËμÉμÊ³´μ¦¨É¥²¥°

� ¸¸³μÉ·¥´Ò ² ¢¨´´Ò° ¶·μ¡μ° ¨ £¥°£¥·μ¢¸±¨° ·¥¦¨³ · ¡μÉÒ ±·¥³´¨¥-
¢μ£μ p−n-¶¥·¥Ìμ¤ . �·¥¤²μ¦¥´ ¶·¥Í¨§¨μ´´Ò° Ë¨§¨Î¥¸±¨ ³μÉ¨¢¨·μ¢ ´´Ò° ³¥-
Éμ¤ μ¶·¥¤¥²¥´¨Ö ´ ¶·Ö¦¥´¨Ö ² ¢¨´´μ£μ ¶·μ¡μÖ ±·¥³´¨¥¢ÒÌ ËμÉμÊ³´μ¦¨É¥-
²¥° (Si”	“). Œ¥Éμ¤ μ¸´μ¢ ´ ´  ¨§³¥·¥´¨¨ μÉ´μ¸¨É¥²Ó´μ° ÔËË¥±É¨¢´μ¸É¨ ·¥£¨-
¸É· Í¨¨ ËμÉμ´  (PDEμÉ´) ¢ § ¢¨¸¨³μ¸É¨ μÉ ´ ¶·Ö¦¥´¨Ö ¸³¥Ð¥´¨Ö ¶·¨ ¨´¦¥±Í¨¨
¢ §μ´Ê ² ¢¨´´μ£μ · §³´μ¦¥´¨Ö p−n-¶¥·¥Ìμ¤  μ¤´μ£μ É¨¶  ´μ¸¨É¥²¥° (Ô²¥±É·μ´ 
¨²¨ ¤Ò·±¨). ˆ´¦¥±Í¨Ö Ô²¥±É·μ´  ¨²¨ ¤Ò·±¨ ¨§ ¡ §μ¢ÒÌ μ¡² ¸É¥° ¶μ²Ê¶·μ¢μ¤-
´¨±μ¢μ° ¸É·Ê±ÉÊ·Ò Si”	“ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸ ¶μ³μÐÓÕ ±μ·μÉ±μ¢μ²´μ¢μ£μ ¨²¨
¤²¨´´μ¢μ²´μ¢μ£μ ¸¢¥É . �·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ ¶¥·¥´ ¶·Ö¦¥´¨Ö (1Ä2 ‚) ÔËË¥±-
É¨¢´μ¸ÉÓ ·¥£¨¸É· Í¨¨ ²¨´¥°´μ § ¢¨¸¨É μÉ ´ ¶·Ö¦¥´¨Ö ¸³¥Ð¥´¨Ö, ¨ ¶μÔÉμ³Ê Ô±¸-
É· ¶μ²ÖÍ¨Ö PDEμÉ´ ¤μ ´Ê²¥¢μ£μ §´ Î¥´¨Ö μ¶·¥¤¥²Ö¥É ´ ¶·Ö¦¥´¨¥ ² ¢¨´´μ£μ ¶·μ-
¡μÖ Si”	“ ¸ ÉμÎ´μ¸ÉÓÕ ¤μ ´¥¸±μ²Ó±¨Ì ³¨²²¨¢μ²ÓÉ.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ¶·μ¡²¥³ ¨³. ‚.�. „¦¥²¥¶μ¢ 
�ˆŸˆ.

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2017

Chirikov-Zorin I. E. D13-2017-28
New Method for Determining Avalanche Breakdown Voltage
of Silicon Photomultipliers

The avalanche breakdown and Geiger mode of the silicon p−n junction are
considered. A precise physically motivated method is proposed for determining
the avalanche breakdown voltage of silicon photomultipliers (Si PM). The method
is based on measuring the dependence of the relative photon detection efˇciency
(PDErel) on the bias voltage when one type of carriers (electron or hole) is injected
into the avalanche multiplication zone of the p−n junction. The injection of electrons
or holes from the base region of the Si PM semiconductor structure is performed using
short-wave or long-wave light. At low overvoltage (1Ä2 V), the detection efˇciency
is linearly dependent on the bias voltage; therefore, extrapolation to zero PDErel

value determines the Si PM avalanche breakdown voltage with an accuracy within a
few millivolts.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear
Problems, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2017



‚ ¸μ¢·¥³¥´´μ° Ô±¸¶¥·¨³¥´É ²Ó´μ° Ë¨§¨±¥ ¶·¨ · §· ¡μÉ±¥ ´μ¢ÒÌ ¶·¨¡μ-
·μ¢ μÉÎ¥É²¨¢μ ¢¨¤´  É¥´¤¥´Í¨Ö § ³¥´Ò É· ¤¨Í¨μ´´ÒÌ ËμÉμ¶·¨¥³´¨±μ¢ ËμÉμ-
¤¥É¥±Éμ· ³¨ ´μ¢μ£μ ¶μ±μ²¥´¨Ö Å ±·¥³´¨¥¢Ò³¨ ËμÉμÊ³´μ¦¨É¥²Ö³¨ (Si ”	“),
±μÉμ·Ò¥ ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ³¨±·μ¶¨±¸¥²Ó´Ò¥ ±·¥³´¨¥¢Ò¥ ² ¢¨´´Ò¥ ËμÉμ-
¤¨μ¤Ò, · ¡μÉ ÕÐ¨¥ ¢ É ± ´ §Ò¢ ¥³μ³ £¥°£¥·μ¢¸±μ³ ·¥¦¨³¥ ¶·¨ ´ ¶·Ö¦¥´¨¨
¸³¥Ð¥´¨Ö, ¶·¥¢ÒÏ ÕÐ¥³ ´ ¶·Ö¦¥´¨¥ ² ¢¨´´μ£μ ¶·μ¡μÖ. �μÔÉμ³Ê Si”	“
¨³¥ÕÉ ¶·¨ ±μ³´ É´μ° É¥³¶¥· ÉÊ·¥ ¡μ²ÓÏμ° ±μÔËË¨Í¨¥´É ¢´ÊÉ·¥´´¥£μ Ê¸¨-
²¥´¨Ö ∼ 106 ¨ ¸¶μ¸μ¡´Ò ·¥£¨¸É·¨·μ¢ ÉÓ ¸² ¡Ò¥ ¸¢¥Éμ¢Ò¥ ¶μÉμ±¨ ´  Ê·μ¢´¥
¸Î¥É  μÉ¤¥²Ó´ÒÌ ËμÉμ´μ¢.

‚´ÊÉ·¥´´¥¥ Ê¸¨²¥´¨¥ ¢ ËμÉμ¤¨μ¤¥, ¢ ¶·¨´Í¨¶¥, ³μ¦´μ ¶μ²ÊÎ¨ÉÓ, ¥¸²¨
¸μ§¤ ÉÓ ¢ μ¡¥¤´¥´´μ° μ¡² ¸É¨ p−n-¶¥·¥Ìμ¤  ¸¨²Ó´μ¥ Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥,
¤μ¸É ÉμÎ´μ¥ ¤²Ö Éμ£μ, ÎÉμ¡Ò Ê¸±μ·¥´´Ò¥ ¢ ´¥³ ¸¢μ¡μ¤´Ò¥ ´μ¸¨É¥²¨ § ·Ö¤ 
μ± § ²¨¸Ó ¸¶μ¸μ¡´Ò³¨ ± Ê¤ ·´μ° ¨μ´¨§ Í¨¨ p−n-¶¥·¥Ìμ¤  ¨ · §¢¨É¨Õ ¶·μ-
Í¥¸¸  ² ¢¨´´μ£μ · §³´μ¦¥´¨Ö. ‡ ¢¨¸¨³μ¸ÉÓ ±μÔËË¨Í¨¥´É  Ê¸¨²¥´¨Ö G μÉ
μ¡· É´μ£μ ´ ¶·Ö¦¥´¨Ö ¸³¥Ð¥´¨Ö Vc ² ¢¨´´μ£μ ËμÉμ¤¨μ¤  (‹”„) ¨ · §²¨Î-
´Ò¥ μ¡² ¸É¨ Ô²¥±É·¨Î¥¸±μ£μ · §·Ö¤  ¶μ  ´ ²μ£¨¨ ¸ ·¥¦¨³ ³¨ · ¡μÉÒ £ §μ¢μ£μ
¸Î¥ÉÎ¨±  Ö¤¥·´ÒÌ ¨§²ÊÎ¥´¨° ¸Ì¥³ É¨Î¥¸±¨ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 1.

�·μÍ¥¸¸ · §³´μ¦¥´¨Ö ¸¢μ¡μ¤´ÒÌ ´μ¸¨É¥²¥° ¢ p−n-¶¥·¥Ìμ¤¥ Ì · ±É¥·¨-
§Ê¥É¸Ö k-Ë ±Éμ·μ³, · ¢´Ò³ μÉ´μÏ¥´¨Õ ±μÔËË¨Í¨¥´Éμ¢ Ê¤ ·´μ° ¨μ´¨§ Í¨¨

�¨¸. 1. ‘Ì¥³ É¨Î¥¸±μ¥ ¨§μ¡· ¦¥´¨¥ § ¢¨¸¨³μ¸É¨ ±μÔËË¨Í¨¥´É  Ê¸¨²¥´¨Ö μÉ μ¡· É-
´μ£μ ´ ¶·Ö¦¥´¨Ö ¸³¥Ð¥´¨Ö ² ¢¨´´μ£μ ËμÉμ¤¨μ¤ 
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¤Ò·μ± ¨ Ô²¥±É·μ´μ¢ (k = β/α). „²Ö ±·¥³´¨Ö α > β ¶·¨ ²Õ¡ÒÌ §´ Î¥´¨ÖÌ
´ ¶·Ö¦¥´´μ¸É¨ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö E [1, 2]. ‚ ¶·μ¶μ·Í¨μ´ ²Ó´μ° μ¡² ¸É¨
(É. ¥. ±μ£¤  ¢ÒÌμ¤´μ° ¸¨£´ ² ¶·μ¶μ·Í¨μ´ ²¥´ ¨´É¥´¸¨¢´μ¸É¨ ·¥£¨¸É·¨·Ê¥³μ£μ
¸¢¥É ) ² ¢¨´´μ¥ · §³´μ¦¥´¨¥ ¢ μ¸´μ¢´μ³ μ¡Ê¸²μ¢²¥´μ Ô²¥±É·μ´ ³¨ (k � 1),
¨ ¶μÔÉμ³Ê ² ¢¨´  £ ¸¨É¸Ö. ŠμÔËË¨Í¨¥´É Ê¸¨²¥´¨Ö ² ¢¨´´μ£μ ËμÉμ¤¨μ¤  ¢
¶·μ¶μ·Í¨μ´ ²Ó´μ³ ·¥¦¨³¥ Ge � exp (αW ), £¤¥ W Å Ï¨·¨´  §μ´Ò ² ¢¨´-
´μ£μ · §³´μ¦¥´¨Ö, ¤μ¸É¨£ ¥É ¶·¨ ±μ³´ É´μ° É¥³¶¥· ÉÊ·¥ §´ Î¥´¨Ö 104 [3].

‘ Ê¢¥²¨Î¥´¨¥³ Vc · ¸ÉÊÉ ´ ¶·Ö¦¥´´μ¸ÉÓ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö E ¢ μ¡¥¤-
´¥´´μ° μ¡² ¸É¨ p−n-¶¥·¥Ìμ¤  ¨ ±μÔËË¨Í¨¥´ÉÒ Ê¤ ·´μ° ¨μ´¨§ Í¨¨ Ô²¥±-
É·μ´μ¢ ¨ ¤Ò·μ±,   É ±¦¥ k-Ë ±Éμ· [2]. ‹ ¢¨´´μ¥ · §³´μ¦¥´¨¥ ¶·¨ ´ ¶·Ö-
¦¥´¨¨ ¸³¥Ð¥´¨Ö ¡μ²ÓÏ¥ ´¥±μÉμ·μ£μ ¶μ·μ£μ¢μ£μ, É ± ´ §Ò¢ ¥³μ£μ ¶·μ¡μ°-
´μ£μ V¶·, μ¡Ê¸²μ¢²¥´μ ± ± Ô²¥±É·μ´ ³¨, É ± ¨ ¤Ò·± ³¨ (k → 1). �·¨ ¢Ò¸μ-
±μ° ´ ¶·Ö¦¥´´μ¸É¨ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö (E � 5 · 105 ‚/¸³) Ê¤ ·´ Ö ¨μ´¨§ -
Í¨Ö p−n-¶¥·¥Ìμ¤  ¤Ò·± ³¨ ¶·¨¢μ¤¨É ± ¢μ§´¨±´μ¢¥´¨Õ ¶μ²μ¦¨É¥²Ó´μ° ¢´Ê-
É·¥´´¥° μ¡· É´μ° ¸¢Ö§¨ ¨, ± ± ¸²¥¤¸É¢¨¥, · §¢¨É¨Õ ¸ ³μ¶μ¤¤¥·¦¨¢ ÕÐ¥£μ¸Ö
Ô²¥±É·μ´´μ-¤Ò·μÎ´μ£μ ² ¢¨´´μ£μ ¶·μÍ¥¸¸  ¨ É¥¶²μ¢μ³Ê ¶·μ¡μÕ p−n-¶¥·¥-
Ìμ¤  ËμÉμ¤¨μ¤  [4]. �·¨ ´ ¶·Ö¦¥´¨¨ ¸³¥Ð¥´¨Ö ¡μ²ÓÏ¥ Î¥³ V¶· ¤μ¸É ÉμÎ´μ
·μ¦¤¥´¨Ö μ¤´μ° Ô²¥±É·μ´´μ-¤Ò·μÎ´μ° ¶ ·Ò ¢ §μ´¥ ² ¢¨´´μ£μ · §³´μ¦¥´¨Ö
p−n-¶¥·¥Ìμ¤ , ±μÉμ· Ö ³μ¦¥É ¨´¨Í¨¨·μ¢ ÉÓ ¸ ³μ¶μ¤¤¥·¦¨¢ ÕÐ¨°¸Ö · §·Ö¤ ¸
Ëμ·³ ²Ó´Ò³ ±μÔËË¨Í¨¥´Éμ³ Ê¸¨²¥´¨Ö G → ∞. ‚¥·μÖÉ´μ¸ÉÓ § ¶Ê¸±  ² ¢¨´Ò
Ô²¥±É·μ´μ³ ¨²¨ ¤Ò·±μ° μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³ P¶ · = Pe + Ph − PePh,
£¤¥ Pe ¨ Ph Å ¢¥·μÖÉ´μ¸É¨ § ¶Ê¸±  ² ¢¨´Ò Ô²¥±É·μ´μ³ ¨ ¤Ò·±μ°. ‚ ¦´μ
μÉ³¥É¨ÉÓ, ÎÉμ ¶·¨ V¸ = V¶· ¢¥·μÖÉ´μ¸ÉÓ § ¶Ê¸±  Pe = Ph = 0.

�·¥·¢ ÉÓ · §·Ö¤ ³μ¦´μ ¸ ¶μ³μÐÓÕ £ ¸ÖÐ¥£μ ·¥§¨¸Éμ·  R£ (¸³. ·¨¸. 1),
¢±²ÕÎ¥´´μ£μ ¢ Í¥¶Ó ¸³¥Ð¥´¨Ö ¶μ¸²¥¤μ¢ É¥²Ó´μ ¸ ËμÉμ¤¨μ¤μ³, ±μÉμ·Ò° ¸μ-
§¤ ¥É μÉ·¨Í É¥²Ó´ÊÕ ¢´¥Ï´ÕÕ μ¡· É´ÊÕ ¸¢Ö§Ó. „²Ö £ Ï¥´¨Ö · §·Ö¤  ´¥μ¡Ìμ-
¤¨³μ ¶μ´¨§¨ÉÓ ´ ¶·Ö¦¥´¨¥ ´  p−n-¶¥·¥Ìμ¤¥ ¤μ V¶·, É. ¥. ¶ ¤¥´¨¥ ´ ¶·Ö¦¥´¨Ö
´  ·¥§¨¸Éμ·¥ §  ¢·¥³Ö · §·Ö¤  ¤μ²¦´μ ¡ÒÉÓ · ¢´μ ¨²¨ ¡μ²ÓÏ¥ É ± ´ §Ò¢ ¥-
³μ£μ ¶¥·¥´ ¶·Ö¦¥´¨Ö ΔV = V¸ − V¶·. ‘²¥¤μ¢ É¥²Ó´μ, ¢ ³μ³¥´É ¶μ£ ¸ ´¨Ö
· §·Ö¤  ¤μ²¦´μ ¢Ò¶μ²´ÖÉÓ¸Ö Ê¸²μ¢¨¥ R£I � V¸ − V¶·. 	²¥±É·μ´´μ-¤Ò·μÎ´Ò°
² ¢¨´´Ò° ¶·μÍ¥¸¸ μ¸É ´ ¢²¨¢ ¥É¸Ö ¶·¨ V¸ = V¶·, ´μ ´ ¶·Ö¦¥´¨¥ ´  ËμÉμ-
¤¨μ¤¥ ¶·μ¤μ²¦ ¥É Ê³¥´ÓÏ ÉÓ¸Ö ¢ ·¥§Ê²ÓÉ É¥ ¸É¥± ´¨Ö ´ ±μ¶²¥´´ÒÌ ´μ¸¨É¥²¥°
§ ·Ö¤  ¨§ p−n-¶¥·¥Ìμ¤  ¢ ¡ §μ¢Ò¥ μ¡² ¸É¨ ‹”„.

‚·¥³Ö ¢μ¸¸É ´μ¢²¥´¨Ö ¶μÉ¥´Í¨ ²  ´  p−n-¶¥·¥Ìμ¤¥ ¤μ ¶¥·¢μ´ Î ²Ó´μ£μ
¸μ¸ÉμÖ´¨Ö ¶μ¸²¥ μ±μ´Î ´¨Ö ² ¢¨´´μ£μ · §·Ö¤  ¸μ¸É ¢²Ö¥É τ � 3R£C¶ ¢ ¸μμÉ-
¢¥É¸É¢¨¨ ¸ Ô±¸¶μ´¥´Í¨ ²Ó´Ò³ § ±μ´μ³ ¶¥·¥§ ·Ö¤±¨ ¥³±μ¸É¨ p−n-¶¥·¥Ìμ¤  C¶

Î¥·¥§ £ ¸ÖÐ¨° ·¥§¨¸Éμ· R£. ‘ ·μ¸Éμ³ ´ ¶·Ö¦¥´¨Ö ¸³¥Ð¥´¨Ö ¢·¥³Ö ¢μ¸¸É -
´μ¢²¥´¨Ö ¸ÊÐ¥¸É¢¥´´μ Ê¢¥²¨Î¨¢ ¥É¸Ö ¢ ·¥§Ê²ÓÉ É¥ Î ¸É¨Î´μ° · §·Ö¤±¨ C¶

¢¸²¥¤¸É¢¨¥ Ê¢¥²¨Î¥´¨Ö É¥³´μ¢μ£μ Éμ±  ¨ ¤·. [5].
�¥¦¨³ · ¡μÉÒ ‹”„ ¶·¨ ´ ¶·Ö¦¥´¨¨ ¸³¥Ð¥´¨Ö ¢ÒÏ¥ ¶·μ¡μ°´μ£μ ¨ c μÉ-

·¨Í É¥²Ó´μ° μ¡· É´μ° ¸¢Ö§ÓÕ, ¢Ò¶μ²´¥´´μ° ¸ ¶μ³μÐÓÕ ·¥§¨¸Éμ·  R£, ¢±²Õ-
Î¥´´μ£μ ¶μ¸²¥¤μ¢ É¥²Ó´μ ¸ ËμÉμ¤¨μ¤μ³ ¢ Í¥¶Ó ¸³¥Ð¥´¨Ö, ¶μ  ´ ²μ£¨¨ ¸
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£ §μ· §·Ö¤´Ò³ ¸Î¥ÉÎ¨±μ³ ƒ¥°£¥· ÄŒÕ²²¥·  ´ §Ò¢ ¥É¸Ö £¥°£¥·μ¢¸±¨³. ‚¸²¥¤-
¸É¢¨¥ ¶·¨³¥´¥´¨Ö ¢ Í¥¶¨ ¸³¥Ð¥´¨Ö ²¨´¥°´μ£μ Ô²¥³¥´É  R£ ±μÔËË¨Í¨¥´É
Ê¸¨²¥´¨Ö G ¢ £¥°£¥·μ¢¸±μ³ ·¥¦¨³¥ Ö¢²Ö¥É¸Ö ²¨´¥°´μ° ËÊ´±Í¨¥° μÉ ¶¥·¥-
´ ¶·Ö¦¥´¨Ö.

Š·¥³´¨¥¢Ò° ËμÉμÊ³´μ¦¨É¥²Ó ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ³ É·¨ÍÊ ¨§ ¨¤¥´É¨Î-
´ÒÌ ´¥¡μ²ÓÏ¨Ì p−n-¶¥·¥Ìμ¤μ¢ (¶¨±¸¥²¥°) ¸ £ ¸ÖÐ¨³¨ ·¥§¨¸Éμ· ³¨, ¢Ò¶μ²-
´¥´´ÒÌ ´  ¶μ¢¥·Ì´μ¸É¨ μ¡Ð¥° ±·¥³´¨¥¢μ° ¶μ¤²μ¦±¨ ¨ ¸μ¥¤¨´¥´´ÒÌ ¶ · ²-
²¥²Ó´μ. ’¨¶¨Î´ Ö ¶²μÉ´μ¸ÉÓ ¶¨±¸¥²¥° 102Ä104 ³³−2 ¸ Ï £μ³ 10Ä100 ³±³.

�¨±¸¥²¨ Ö¢²ÖÕÉ¸Ö ´¥§ ¢¨¸¨³Ò³¨ ³¨±·μ¸Î¥ÉÎ¨± ³¨ ËμÉμ´μ¢, · ¡μÉ Õ-
Ð¨³¨ ¢ Í¨Ë·μ¢μ³ (£¥°£¥·μ¢¸±μ³) ·¥¦¨³¥ ®¤ /´¥É¯. �´¨ ¸μ§¤ ÕÉ ¸É ´¤ ·É-
´Ò° ¸¨£´ ² ¶·¨ ¤¥É¥±É¨·μ¢ ´¨¨ μ¤´μ£μ ËμÉμ´ , ´μ ¶·¨ ·¥£¨¸É· Í¨¨ ¢¸¶ÒÏ±¨
¸¢¥É , ±μ£¤  μ¤´μ¢·¥³¥´´μ § ¦¨£ ¥É¸Ö ³´μ£μ ¶¨±¸¥²¥°, ¢ÒÌμ¤´μ° ¸¨£´ ² ´ 
μ¡Ð¥° ´ £·Ê§±¥ ¡Ê¤¥É ¸Ê³³μ° ¸É ´¤ ·É´ÒÌ. ’ ±¨³ μ¡· §μ³, Si”	“ ¢ Í¥²μ³
Ö¢²Ö¥É¸Ö  ´ ²μ£μ¢Ò³ ¶·¨¡μ·μ³ ¨ ¸¶μ¸μ¡¥´ ¨§³¥·ÖÉÓ ¨´É¥´¸¨¢´μ¸ÉÓ ¸¢¥É  ¸
¤¨´ ³¨Î¥¸±¨³ ¤¨ ¶ §μ´μ³, ¸μμÉ¢¥É¸É¢ÊÕÐ¨³ ¶μ²´μ³Ê ±μ²¨Î¥¸É¢Ê ¶¨±¸¥²¥°.

�¸´μ¢´Ò¥ Ì · ±É¥·¨¸É¨±¨ Si”	“ (±μÔËË¨Í¨¥´É Ê¸¨²¥´¨Ö, ÔËË¥±É¨¢-
´μ¸ÉÓ ·¥£¨¸É· Í¨¨ ¨ ¤·.) μ¶·¥¤¥²ÖÕÉ¸Ö ¶¥·¥´ ¶·Ö¦¥´¨¥³ ΔV = V¸ − V¶·.
�μÔÉμ³Ê ´ ¶·Ö¦¥´¨¥ ² ¢¨´´μ£μ ¶·μ¡μÖ V¶· Ö¢²Ö¥É¸Ö ¢ ¦´Ò³ ¶ · ³¥É·μ³,
μ¶·¥¤¥²¥´¨¥ ±μÉμ·μ£μ ´¥μ¡Ìμ¤¨³μ ¶·¨ ¤¥É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨ÖÌ ¨ ¶·¨³¥´¥-
´¨¨ Si”	“. � §¡·μ¸ §´ Î¥´¨° V¶· ¶μ§¢μ²Ö¥É μÍ¥´¨ÉÓ ¢²¨Ö´¨¥ · §²¨Î´ÒÌ É¥Ì-
´μ²μ£¨Î¥¸±¨Ì Ë ±Éμ·μ¢ ¨ ¶·μÍ¥¸¸μ¢ ¶·¨ · §· ¡μÉ±¥ ¨ ¶·μ¨§¢μ¤¸É¢¥ Si”	“.

�É³¥É¨³, ÎÉμ V¶· Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ·μ¸Éμ³ É¥³¶¥· ÉÊ·Ò. ’¥³¶¥· ÉÊ·´Ò°
±μÔËË¨Í¨¥´É ´ ¶·Ö¦¥´¨Ö ² ¢¨´´μ£μ ¶·μ¡μÖ V¶·(T ) É ±¦¥ Ö¢²Ö¥É¸Ö ¢ ¦´Ò³
¶ · ³¥É·μ³ Si”	“.

‘ÊÐ¥¸É¢Ê¥É ´¥¸±μ²Ó±μ ³¥Éμ¤μ¢ μ¶·¥¤¥²¥´¨Ö ´ ¶·Ö¦¥´¨Ö ² ¢¨´´μ£μ ¶·μ-
¡μÖ Si ”	“ [6Ä16], ±μÉμ·Ò¥ ¡ §¨·ÊÕÉ¸Ö ´  · §´ÒÌ ¶·¥¤¶μ²μ¦¥´¨ÖÌ ¨ ³μ¤¥-
²ÖÌ, ¶μÔÉμ³Ê ¨³¥ÕÉ μ£· ´¨Î¥´´ÊÕ ÉμÎ´μ¸ÉÓ. �μ¢Ò° ¶·¥Í¨§¨μ´´Ò° Ë¨§¨Î¥-
¸±¨ ³μÉ¨¢¨·μ¢ ´´Ò° ³¥Éμ¤ μ¶·¥¤¥²¥´¨Ö V¶· μ¸´μ¢ ´ ´  ¨§³¥·¥´¨¨ μÉ´μ¸¨-
É¥²Ó´μ° ÔËË¥±É¨¢´μ¸É¨ ¤¥É¥±É¨·μ¢ ´¨Ö Si”	“.

	ËË¥±É¨¢´μ¸ÉÓ ¤¥É¥±É¨·μ¢ ´¨Ö ËμÉμ´  PDE (Photon Detection Efˇciency)
μ¶·¥¤¥²Ö¥É¸Ö ¶·μ¨§¢¥¤¥´¨¥³ £¥μ³¥É·¨Î¥¸±μ£μ Ë ±Éμ·  ε (μÉ´μÏ¥´¨Ö ÎÊ¢¸É¢¨-
É¥²Ó´μ° ¶²μÐ ¤¨ ± ¶μ²´μ° ¶μ¢¥·Ì´μ¸É¨ Si”	“), ±¢ ´Éμ¢μ° ÔËË¥±É¨¢´μ-
¸É¨ QE ¶¨±¸¥²Ö ¨ ¢¥·μÖÉ´μ¸É¨ § ¶Ê¸±  (É·¨££¥·μ¢ ´¨Ö) Ptr ² ¢¨´´μ£μ ¶·μ¡μÖ
μ¡· §μ¢ ¢Ï¨³¨¸Ö ¸¢μ¡μ¤´Ò³¨ ´μ¸¨É¥²Ö³¨ § ·Ö¤ 

PDE = εQE(λ)Ptr(λ, T, ΔV ).

Š¢ ´Éμ¢ Ö ÔËË¥±É¨¢´μ¸ÉÓ ¶¨±¸¥²Ö μ¶·¥¤¥²Ö¥É¸Ö ¢¥·μÖÉ´μ¸ÉÓÕ μ¡· §μ¢ -
´¨Ö ´μ¸¨É¥²¥° § ·Ö¤  ¢ ÎÊ¢¸É¢¨É¥²Ó´μ³ μ¡Ñ¥³¥ ¨ ¸ÊÐ¥¸É¢¥´´μ § ¢¨¸¨É μÉ
¤²¨´Ò ¢μ²´Ò λ ·¥£¨¸É·¨·Ê¥³μ£μ ¸¢¥É 

QE(λ) = [1 − r][exp (−L¥·/λ¥·(λ))]×
× [exp (−LSiO2/λSiO2(λ))][1 − exp (−LSi/λSi(λ))],

3



�¨¸. 2. “¶·μÐ¥´´μ¥ ¸Ì¥³ É¨Î¥¸±μ¥ ¨§μ¡· ¦¥´¨¥ ¸É·Ê±ÉÊ·Ò ¶¨±¸¥²Ö ´  p-¶μ¤²μ¦±¥

£¤¥ r Å ±μÔËË¨Í¨¥´É μÉ· ¦¥´¨Ö ¸¢¥É  μÉ ¶μ¢¥·Ì´μ¸É¨ ¶¨±¸¥²Ö, Lep ¨ LSiO2 Å
Éμ²Ð¨´  ¸²μ¥¢ Ô¶μ±¸¨¤´μ° ¸³μ²Ò ¨ μ±¸¨¤  ±·¥³´¨Ö, ±μÉμ·Ò¥ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¢
± Î¥¸É¢¥ § Ð¨É´ÒÌ ¶μ±·ÒÉ¨°, λep(λ) ¨ λSiO2(λ) Å ¤²¨´Ò ¶μ£²μÐ¥´¨Ö ¸¢¥É 
¢ § Ð¨É´ÒÌ ¶μ±·ÒÉ¨ÖÌ, LSi = Wn + W + Wp Å Éμ²Ð¨´  ÎÊ¢¸É¢¨É¥²Ó´μ£μ
¸²μÖ (·¨¸. 2), λSi(λ) Å ¤²¨´  ¶μ£²μÐ¥´¨Ö ¸¢¥É  ¢ ±·¥³´¨¨.

‚¥·μÖÉ´μ¸ÉÓ É·¨££¥·μ¢ ´¨Ö ² ¢¨´´μ£μ ¶·μ¡μÖ § ¢¨¸¨É μÉ ¶¥·¥´ ¶·Ö¦¥-
´¨Ö ¨ ³¥¸É  μ¡· §μ¢ ´¨Ö ¸¢μ¡μ¤´ÒÌ ´μ¸¨É¥²¥° § ·Ö¤  ¢ ÎÊ¢¸É¢¨É¥²Ó´μ³ ¸²μ¥
¶¨±¸¥²Ö. ’·¨ §μ´Ò ËμÉμ£¥´¥· Í¨¨ ¶¥·¢¨Î´ÒÌ Ô²¥±É·μ´´μ-¤Ò·μÎ´ÒÌ ¶ ·
Wn, W, Wp ¨ É¨¶¨Î´Ò¥ §´ Î¥´¨Ö ¨Ì Éμ²Ð¨´Ò [17] ¶μ± § ´Ò ´  ·¨¸. 2. ‚ §μ´¥
² ¢¨´´μ£μ · §³´μ¦¥´¨Ö W ¢¥·μÖÉ´μ¸ÉÓ É·¨££¥·μ¢ ´¨Ö ² ¢¨´´μ£μ ¶·μ¡μÖ Ô²¥±-
É·μ´´μ-¤Ò·μÎ´μ° ¶ ·μ° μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

P¶ ·(x, ΔV ) = Pe(x, ΔV ) + Ph(x, ΔV ) − Pe(x, ΔV )Ph(x, ΔV ),

£¤¥ Pe(x, ΔV ) ¨ Ph(x, ΔV ) Å ¢¥·μÖÉ´μ¸É¨ É·¨££¥·μ¢ ´¨Ö ² ¢¨´´μ£μ ¶·μ¡μÖ
Ô²¥±É·μ´μ³ ¨ ¤Ò·±μ°, μ¡· §μ¢ ¢Ï¨¥¸Ö ¢ ÉμÎ±¥ ¸ ±μμ·¤¨´ Éμ° x ¶·¨ ¶¥·¥´ -
¶·Ö¦¥´¨¨ ΔV . �  ·¨¸. 3 ¶·¥¤¸É ¢²¥´Ò § ¢¨¸¨³μ¸É¨ Pe(x, ΔV ) ¨ Ph(x, ΔV )
μÉ ±μμ·¤¨´ ÉÒ μ¡· §μ¢ ´¨Ö ´μ¸¨É¥²¥° § ·Ö¤  ¢ §μ´¥ ² ¢¨´´μ£μ · §³´μ¦¥´¨Ö,
· ¸¸Î¨É ´´Ò¥ W.G.Oldham ¨ ¤·. [18]

	²¥±É·μ´Ò ¨ ¤Ò·±¨, ·μ¦¤¥´´Ò¥ ¢ Wp-§μ´¥, ¤·¥°ËÊÕÉ ¢ Ô²¥±É·¨Î¥¸±μ³
¶μ²¥ ¢ ¶·μÉ¨¢μ¶μ²μ¦´ÒÌ ´ ¶· ¢²¥´¨ÖÌ (¤Ò·±¨ Å ¢ p-¡ §Ê,   Ô²¥±É·μ´Ò Å
¢ W -§μ´Ê ² ¢¨´´μ£μ · §³´μ¦¥´¨Ö) ¨ ³μ£ÊÉ É·¨££¥·μ¢ ÉÓ ² ¢¨´´Ò° ¶·μ¡μ°.
� μ¡μ·μÉ, ¶·¨ ¶μ£²μÐ¥´¨¨ ËμÉμ´μ¢ ¢ Wn-§μ´¥ ² ¢¨´´Ò° ¶·μ¡μ° ³μ¦¥É
É·¨££¥·μ¢ ÉÓ¸Ö Éμ²Ó±μ ¤Ò·± ³¨. ‚¥·μÖÉ´μ¸ÉÓ É·¨££¥·μ¢ ´¨Ö ² ¢¨´´μ£μ ¶·μ-
¡μÖ Ô²¥±É·μ´ ³¨ ¨ ¤Ò·± ³¨, ·μ¦¤¥´´Ò³¨ ¢´¥ §μ´Ò ² ¢¨´´μ£μ · §³´μ¦¥-
´¨Ö, · ¸¸Î¨É ´  ¨ ¶·μ¢¥·¥´  Ô±¸¶¥·¨³¥´É ²Ó´μ P. Antognetti, W.G.Oldham
(·¨¸. 4) [19]. ˆ§-§  μÉ²¨Î¨Ö ±μÔËË¨Í¨¥´Éμ¢ Ê¤ ·´μ° ¨μ´¨§ Í¨¨ (α > β)
¢¥·μÖÉ´μ¸ÉÓ É·¨££¥·μ¢ ´¨Ö ¤Ò·± ³¨ ´ ³´μ£μ ³¥´ÓÏ¥, Î¥³ Ô²¥±É·μ´ ³¨.
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�¨¸. 3. ‡ ¢¨¸¨³μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ É·¨£-
£¥·μ¢ ´¨Ö ² ¢¨´´μ£μ ¶·μ¡μÖ Ô²¥±É·μ´μ³
Pe(x,ΔV ) ¨ ¤Ò·±μ° Ph(x,ΔV ) μÉ ±μ-
μ·¤¨´ ÉÒ μ¡· §μ¢ ´¨Ö ´μ¸¨É¥²¥° § ·Ö¤ 
¢ §μ´¥ ² ¢¨´´μ£μ · §³´μ¦¥´¨Ö Ï¨·¨´μ°
W ¶·¨ ´¥¸±μ²Ó±¨Ì §´ Î¥´¨ÖÌ ¶¥·¥´ ¶·Ö-
¦¥´¨Ö ΔV [18] (±μμ·¤¨´ ÉÒ £· ´¨Í §μ´Ò
X = 0 ¨ W = W ¶μ± § ´Ò ´  ·¨¸. 2)

�¨¸. 4. ‡ ¢¨¸¨³μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ É·¨£-
£¥·μ¢ ´¨Ö ² ¢¨´´μ£μ ¶·μ¡μÖ Ô²¥±É·μ´μ³
Pe ¨ ¤Ò·±μ° Ph μÉ ¶¥·¥´ ¶·Ö¦¥´¨Ö [19]

Š ± ¢¨¤´μ ¨§ ·¨¸. 4, ¢¥·μÖÉ´μ¸É¨ É·¨££¥·μ¢ ´¨Ö ² ¢¨´´μ£μ ¶·μ¡μÖ Ô²¥±-
É·μ´ ³¨ ¨ ¤Ò·± ³¨, ¨´¦¥±É¨·μ¢ ´´Ò³¨ ¢ §μ´Ê ² ¢¨´´μ£μ · §³´μ¦¥´¨Ö p−n-
¶¥·¥Ìμ¤ , Ö¢²ÖÕÉ¸Ö ²¨´¥°´Ò³¨ ËÊ´±Í¨Ö³¨ μÉ ¶¥·¥´ ¶·Ö¦¥´¨Ö ¶·¨ ³ ²ÒÌ
§´ Î¥´¨ÖÌ (1Ä2 ‚). 	ËË¥±É¨¢´μ¸ÉÓ ¤¥É¥±É¨·μ¢ ´¨Ö ËμÉμ´  ¶·μ¶μ·Í¨μ´ ²Ó´ 
¢¥·μÖÉ´μ¸É¨ É·¨££¥·μ¢ ´¨Ö, ¶μÔÉμ³Ê É ±¦¥ Ö¢²Ö¥É¸Ö ²¨´¥°´μ° ËÊ´±Í¨¥° μÉ
¶¥·¥´ ¶·Ö¦¥´¨Ö ¨, ¸²¥¤μ¢ É¥²Ó´μ, μÉ ´ ¶·Ö¦¥´¨Ö ¸³¥Ð¥´¨Ö Vc. 	±¸É· -
¶μ²ÖÍ¨Ö ËÊ´±Í¨¨ PDE = PDE(Vc) ¨²¨ μÉ´μ¸¨É¥²Ó´μ° ËÊ´±Í¨¨ PDEμÉ´ =
PDEμÉ´(Vc) ¤μ ´Ê²¥¢μ£μ §´ Î¥´¨Ö μ¶·¥¤¥²Ö¥É ´ ¶·Ö¦¥´¨¥ ² ¢¨´´μ£μ ¶·μ¡μÖ
Si”	“.

ˆ´¦¥±É¨·μ¢ ÉÓ Ô²¥±É·μ´Ò ¨²¨ ¤Ò·±¨ ¢ W -§μ´Ê ² ¢¨´´μ£μ · §³´μ¦¥-
´¨Ö ³μ¦´μ ¸ ¶μ³μÐÓÕ ±μ·μÉ±μ¢μ²´μ¢μ£μ ¨²¨ ¤²¨´´μ¢μ²´μ¢μ£μ ¸¢¥É . …¸²¨
Si”	“ μ¸¢¥Ð ÉÓ ±μ·μÉ±μ¢μ²´μ¢Ò³ ¸¢¥Éμ³ ¸ λ = 400 ´³, Éμ μ´ ¶μÎÉ¨ ¶μ²´μ-
¸ÉÓÕ ¶μ£²μÉ¨É¸Ö (> 99%) ¢ Wn-¸²μ¥, ¨ ¶μÔÉμ³Ê ¢ W -§μ´Ê ¡Ê¤ÊÉ ¤·¥°Ëμ¢ ÉÓ
¤Ò·±¨. …¸²¨ ¦¥ μ¸¢¥Ð ÉÓ ¤²¨´´μ¢μ²´μ¢Ò³ ¸¢¥Éμ³ ¸ λ = 1000 ´³, ±μÉμ·Ò°
¸² ¡μ ¶μ£²μÐ ¥É¸Ö ¢ Éμ´±¨Ì Wn- ¨ W -¸²μÖÌ (� 1%), Éμ ¢ §μ´Ê ² ¢¨´´μ£μ
· §³´μ¦¥´¨Ö ¢ μ¸´μ¢´μ³ ¡Ê¤ÊÉ ¤·¥°Ëμ¢ ÉÓ Ô²¥±É·μ´Ò ¨§ Wp-¸²μÖ.

„²Ö ¨²²Õ¸É· Í¨¨ ³¥Éμ¤  μ¶·¥¤¥²¨³ ´ ¶·Ö¦¥´¨¥ ² ¢¨´´μ£μ ¶·μ¡μÖ Si”	“
¤¢ÊÌ É¨¶μ¢: SSPM-050701GR-TO18 ¨ S60 [20]. ˆ§³¥·¥´¨¥ PDE ¶·¨¡μ·μ¢
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¶·μ¢μ¤¨²μ¸Ó ³¥Éμ¤μ³ ¸¢¥Éμ¢ÒÌ ¢¸¶ÒÏ¥± ´¨§±μ° ¨´É¥´¸¨¢´μ¸É¨ (∼ 10 Ëμ-
Éμ´μ¢) [21, 22], ±μ£¤  ¢¥·μÖÉ´μ¸ÉÓ μ¡· §μ¢ ´¨Ö ¸¢μ¡μ¤´ÒÌ ´μ¸¨É¥²¥° § ·Ö¤ 
¢ ÎÊ¢¸É¢¨É¥²Ó´μ³ ¸²μ¥ Si”	“ ´¥¢Ò¸μ± Ö.

’¨¶¨Î´Ò° § ·Ö¤μ¢Ò° ¸¶¥±É· ¶·¨ ·¥£¨¸É· Í¨¨ Si”	“ ¸² ¡ÒÌ ¸¢¥Éμ¢ÒÌ
¢¸¶ÒÏ¥± μÉ ¸¢¥Éμ¤¨μ¤  ¶·¨¢¥¤¥´ ´  ·¨¸. 5. ‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ · ¸¶·¥¤¥²¥´¨¥³
�Ê ¸¸μ´  P (n, μ) = μn exp (−μ)/n! ¸·¥¤´¥¥ ±μ²¨Î¥¸É¢μ ËμÉμ£¥´¥·¨·μ¢ ´´ÒÌ
¶ ·, ±μÉμ·Ò¥ É·¨££¥·ÊÕÉ ² ¢¨´´Ò° ¶·μ¡μ° ¶¨±¸¥²¥° Si”	“, μ¶·¥¤¥²Ö¥É¸Ö
¢Ò· ¦¥´¨¥³

μ = − lnP (0, μ),

£¤¥ P (0, μ) = Nped/Ntot Å ¢¥·μÖÉ´μ¸ÉÓ ´¥¢μ§´¨±´μ¢¥´¨Ö ¸¨£´ ²  ¸ Si”	“;
Nped Å Î¨¸²μ ¸μ¡ÒÉ¨° ¢ ¶Ó¥¤¥¸É ²¥; Ntot Å ¶μ²´μ¥ Î¨¸²μ ¸μ¡ÒÉ¨° ¢ ¸¶¥±É·¥.
	ËË¥±É¨¢´μ¸ÉÓ ¤¥É¥±É¨·μ¢ ´¨Ö ËμÉμ´  μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

PDE = − ln (Nped/Ntot)
Nph

,

£¤¥ Nph Å ¸·¥¤´¥¥ ±μ²¨Î¥¸É¢μ ËμÉμ´μ¢, ¶ ¤ ÕÐ¨Ì ´  Si”	“. ‘·¥¤´¥¥ ±μ²¨-
Î¥¸É¢μ ËμÉμ´μ¢ μÍ¥´¨¢ ²μ¸Ó ËμÉμ¸¥´¸μ·μ³ H6780-04 (Hamamatsu) ¸ ¨§¢¥¸É-
´μ° ±¢ ´Éμ¢μ° ÔËË¥±É¨¢´μ¸ÉÓÕ ³¥Éμ¤μ³ ¸¢¥Éμ¢ÒÌ ¢¸¶ÒÏ¥± ´¨§±μ° ¨´É¥´-
¸¨¢´μ¸É¨.

�¨¸. 5. �³¶²¨ÉÊ¤´Ò° ¸¶¥±É· ¶·¨ ·¥£¨¸É· Í¨¨ Si”	“ S60 ¸² ¡ÒÌ ¸¢¥Éμ¢ÒÌ
¢¸¶ÒÏ¥± ¸μ ¸·¥¤´¨³ ±μ²¨Î¥¸É¢μ³ ËμÉμ£¥´¥·¨·μ¢ ´´ÒÌ Ô²¥±É·μ´´μ-¤Ò·μÎ´ÒÌ ¶ ·
μ = 1,37 Ë. Ô-¤
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�¨¸. 6. ‡ ¢¨¸¨³μ¸É¨ PDE μÉ ´ ¶·Ö¦¥´¨Ö ¸³¥Ð¥´¨Ö Si”	“ S60 ( ) ¨ SSPM-050701GR-
TO18 (¡), ¢Ò¶μ²´¥´´ÒÌ ´  p-¶μ¤²μ¦±¥ ¤²Ö · §´ÒÌ ¤²¨´ ¢μ²´ ¸¢¥É 

ˆ§³¥·¥´¨Ö PDE ¶·μ¢μ¤¨²¨¸Ó ¸ ¶μ³μÐÓÕ ±· ¸´μ£μ (λ � 640 ´³) ¨ £μ-
²Ê¡μ£μ (λ � 460 ´³) ¸¢¥É , ±μ£¤  ¢ §μ´Ê ² ¢¨´´μ£μ · §³´μ¦¥´¨Ö ¢ μ¸´μ¢-
´μ³ ¨´¦¥±É¨·Ê¥É¸Ö μ¤¨´ É¨¶ ¸¢μ¡μ¤´ÒÌ ´μ¸¨É¥²¥° Å Ô²¥±É·μ´Ò ¨²¨ ¤Ò·±¨.
‹¨´¥°´ Ö Ô±¸É· ¶μ²ÖÍ¨Ö ´ Î ²Ó´μ£μ ÊÎ ¸É±  § ¢¨¸¨³μ¸É¥° PDE = PDE(Vc)
¤μ ´Ê²¥¢μ£μ §´ Î¥´¨Ö ¶μ§¢μ²Ö¥É μ¶·¥¤¥²¨ÉÓ ´ ¶·Ö¦¥´¨¥ ² ¢¨´´μ£μ ¶·μ¡μÖ
Si”	“ (·¨¸. 6). �μ²ÊÎ¥´´Ò¥ §´ Î¥´¨Ö V¶· ¤²Ö · §´ÒÌ ¤²¨´ ¢μ²´ ¸¢¥É  ¸μ¢¶ -
¤ ÕÉ ¸ ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ ∼ 10−3 ‚, ÎÉμ ¤μ± §Ò¢ ¥É ¤μ¸Éμ¢¥·´μ¸ÉÓ ¶·¥¤²μ-
¦¥´´μ£μ ³¥Éμ¤ .
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