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�éË�ÏA�AÓ ��>³ïÄ¥¤¡��Ì�¯K —— ËÏ=��ÇJp�Ë��úù��p��
�gñN, |^ü¬7$U>fËìa)"�1�ïÄ, (Üü« PIN (��>Æ5UÿÁ, JÑ I «�,ßÝ
� 2×1012 cm−3 � P+I (N−) N+ ì�ÎÜ P, N .7Ë��ú�Aýÿ(J. ¿±d��.ì�?1 63Ni Ëì3�
ÑÑA5ÿÁ, ÏL� Wisconsin �Æ¢�êâ'�, éK�Uþ=��Ç$e�Ì�Ï�?1
©Û, �ÄÌ�l
ì�æ^n� PIN ((�; O�Ñ¦�Uþ�È'­; I (N−) «°Ý��È�Ý��; ��¦>63�Sþ?��
¡JpUþ=��Ç, âdé7ÄUþ=�(�?1�O, �ª(½ PIN õ�(�!Ë�
þÝ!�,ßÝ!Ñ¦
�°Ý�(�ëê, �¤�U(�`z.

'�c: 63Ni 
, Uþ=�(�, Ëì�A, Ë�ÏA

PACS: 61.80.Fe, 61.82.Fk, 84.60.–h, 85.30.De

1 Ú ó

8c��5Ó �PCU��^u�U
�
mu, Ù¥|^Ë�ÏA�A, òPCUÏL��
Nì���=��>U� β Ë��U
�ï�, d
uÙ�U(��é{ü®¤�'59:�� [1−7].

¢�L²yk7Ä PN, PIN (ª��Nì���
Uþ=�(�, �±òË�U��=��>U, �
ÑÑõÇ�B�?, ¿�Uþ=��Ç$e. Ó 
��>³Ì��)Ë�
ÚUþ=�(�, K�U
þ=��Ç�Ï�Ø
Uþ=�(�g�	, 	�
Ë�
�Ë��AØ��Ñ, ©ÛE¤Uþ=��
Ç$e�K�Ï�9é(�?�Ú�O!`zK
´l��þJpUþ=��Ç�k�å». �ïÄ
± P, N .ü¬7!Äu7Ä PIN ì�Ë��A�
Ä:, �é\1 63Ni �.ì��ÑÑA5(J, J
Ñæ^n�õ� PIN (�, ¿ÏLË�
!�,ß
Ý!Ñ¦�°Ý�(�ëê�`z�O, ±ÏJp
Uþ=��Ç.

2 ü¬7$U>fËìa)"�1�

8c�,ÏLæ^yk�7Ä PN, PIN (ª
��Nì���Uþ=�(�, �±òË�U�
�=z�>U. �Ùá�5�!(��Û�5�
�Uþ=��Ç$e�Ó�, á�!(��|Ë
�5!ì�5U�Ï­½5�Ãl��. �Ä�
Ë�
ò�Uþ=�(����>, �d3cÏó
�¥, Äk�	
 P (�'��)!N (����) ü
«�,a.±9ü«�,ßÝeü¬7�|Ë�
�A [8−11]. ò N, P ü«�,a.!�,ßÝ©
O� 1×1017 cm−3, 1×1015 cm−3 � 4 « (111) ¬
�!�»� 3 cm �7¡�u>f��\�ìe,

±Uþ� 400 keV �>fåR�Ëì, Ùå6rÝ
� 1.67×10−7 A·cm−2, Ëì5þ� 2×1016 cm−2,

��éËì�©O?1>f^^�� (EPR)!X �
�1>fUÌ (XPS) ÿÁ. �âËì�á�L¡�
fzÆG�9zÆ|©�Cz!Ëìa)"��
Úuw«, �'u P . Si, N . Si!AO´p�,
� N . Si, 3$U>f�½5þe´ÚåË�a
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)"�, Ì�5gu�Üu���xé�é�Ç�
pÓ�^, Ly����Ç"� (POHC) ¥%²w
�Cz!P2P �U?ÌâC, �Ñ
 N .7!AO
´p�,� N .7FËì�úUå�f�(Ø, '
uü¬7$U>fËìa)"�1��?Ø�±
ë�©z [12]. ù�Uþ=�(���OJø

�â, ��Uþ=�(��º�, �¦Ù�,ßÝ
Ø$u 1019 cm−3 ±¢y�7á>4�ûÐî0
�>, Ó�º���Ë�
��Éì¡, �uT�
,ßÝe P, N .7�Ë��ú�A, (½º�� P

�, �?uË���S� N .7, Ù�,ßÝA�
C���.

3 \1 63Ni 
�.ì��¢�µd

�uUþ=�(�ÌNþÝ���9ì��
N5���º��O, \�âfUþ��ì�(�
äk·�5, ±¦þ�yUþ|^��z, �dÀ
^$Uá�§� 63Ni ��u�
.

éu PN (ª>³, duÙÑ¦�Ä, β âf
3áÂ« uÑ¦�	�)�>f!�Ç�U
?1$�Ý�*Ñ$Ä, O���>Ø�k�\
°Ñ¦�, 
Ó ��>³ó�u" Øe; ,
	�/¤ PN (, ���.� N «Ù�,ßÝp
u 1015 cm−3, ��ú©Û(J�¦��, ÏdÓ 
��>³Ø·uæ^ PN (ª. 
æ^ PIN (ª=
3 P «Ú N «�mO\$�,ßÝ� N− « (/¤
C���«), ��¡�k�O�Ñ¦�°Ý, ,�
�¡;� N .7�Ë��ú�A. �Ä�Ó �
�>³�1>&ÿìó��naq, À^7Ä P+I

(N−) N+ (.1>&ÿì���.ì� (ã 3), Ù
(�ëê�L 1, ,	, æ^�Ó)�ó²��
 I

«�,ßÝ� 3×1016cm −3 � PIN (ì�, ±?�
Ú�	Ë��A. dã 1 �wÑ 1# ì�Ëìc�
äk�Ð��6A5, 
 2# ì�Ëì�Ä���.

�â�4+ I-V A5�§

I = Is

[
exp

(
qV

nkT

)
− 1

]
, (1)

L 1 PIN (�ëê

P+ « (º�) I (N−) « N+ « (��)

�,ßÝ/cm−3 þÝ/µm �,ßÝ/cm−3 þÝ/µm �,ßÝ/cm−3 þÝ/µm

6×1019 1.2 2×1012 180 7×1019 3

ã 1 63Ni 
Ëìc!� PIN ì� I-V ­�

éü« PIN ì�3 63Ni 
Ëìc!��n�Ïf
?1O�, (J�L 2. d Sah-Noyce-Shockley n
Ø��, ��n�Ïf n 0u 1—2, ü« PIN ì
�Ëìc�n�Ïfþ�u 2, � I «�,ßÝ

� 3×1016 cm−3 � 2# ì�Ëì�n�Ïf²w
O�, n > 2, Ó�é 2# ì��� �e� C-V A
5?1ÿþ, ã 2 (Jw« 2# ì�Ëì�� C-V

­�/GÉ~, �Nk"�E¤�.¡�u)U
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C. (Üü¬7Ëìa)"�1�©Û, ÐÚ@� I

«��Ë�(¯«, du��,ßÝ�, ���Ç
"� (POHC) ¥%Ëì��²wO\, �U��
ì�.¡�u)UC, l
¦� C-V ­�u)/
C, ?�ÚïÄk�UY. ±þ(Jw« 1# ì�
ÎÜ P, N .7Ë��ú�Aýÿ(J, À��Ó
 ��>³�.ì�. ��^¹Ý� 8 mCi (1 Ci =

3.7×1010 Bq)!¹5«�»� 1 cm (�ì�Éì¡
����) � 63Ni �N
¡CX3�.ì�Éì
¡þ¢y\1ÿþ. ÑÑA5�ã 3.

L 2 ØÓ�,ßÝ PIN ì�Ëìc�n�ÏfCz

ì�?Ò I (N−) «�,ßÝ/cm−3 n (Ëìc) n (Ëì�)

1# 2×1012 1.17 1.17

2# 3×1016 1.44 3.38

ã 2 63Ni 
Ëì PIN ì� C-V ­�
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ã 3 63Ni 
Ëì�.ì�ÑÑA5

=��Ç η ´L�Uþ=�(�5U�­�ëê,

deªO�:

η =
Pmax

Pin
=

ImaxVmax

1.6 × 10−19AE
, (2)

ª¥ Imax, Vmax ©OL«��ÑÑõÇ��>
6!>Ø, A �¹Ý, E � 63Ni PC�) β âf�
²þÄU. O�¼��=��Ç� 0.042%, �$u
{I Wisconsin �Æ��� 1%�=z�Ç [13]. 

éuäk·ÝUþ=��Ç�>³5`, W¿Ï
f FF ��3 0.70 � 0.85 ���S, ÙL�ª�

FF =
Pmax

IscVoc
=

ImaxVmax

IscVoc
, (3)

O����W¿Ïf FF � 44.7%, $un���.

ã 4 w«{I Wisconsin �ÆÙ PN (æ^�ø
ªn�(�, �DÚ²¡ª PN (�', k�(¡
ÈO�
 55.82%, ù��ì�(�k|uO�Ë
)>6. ò¢�(J�{I Wisconsin �Æ¢�ê
â�é', �L 3, �±w��'um´>Ø'Ç,

Wisconsin �Æ�á´>6�Ç²w�é��. é
uË�ÏA�AÓ �>³, ÙØ%|¤Ü©´Ë
�
ÚUþ=�(�, ��XÚ�Uþ=��Ç η

düÜ©û½, =(ì�Uþ�ÈÇ ηsource!>Ö
Â8Ç ηconver, ÷v

η¢ = ηsource × ηconver. (4)

±�È3(ì��oUþ?1O�, d 8 mCi 63Ni


�)�nØ��>6� Imax � 200 nA, �¢S
Ë)>6�'�Ç=�: 27.36/200 = 13.68%, �
Ò´`dì�g�Ï�E¤>6�� 86.32%. �
â 63Ni PC�) β âf�ëYUþ©Ù(J (�
ã 5), |^^� MCNP4C �[O� 63Ni 
Ë��
.ì��Uþ�È�¹ [14], dã 6 �w�Uþ©
Ù8¥uCL¡, ¸�� uCL¡ 1 µm ?, L 4

w«��±þ�Uþá3CL¡� P+ «S, =k

ã 4 �øG PN (.Uþ=�(�

�Ü©á3 I(N−) «. 7´m��Y���Ná
�, ��,ßÝ�u 1017 cm−3, NEÜ±��E
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Ü�Ì. �.ì�º���,ßÝ� 1019 cm−3, 3
�CL¡�/�, �k�r�L¡EÜ�A, ��
Nì��A5Ú>l16f�Æ·3é�§Ýþ
É���NL¡EÜ�K�, \� P+ «äk�½
þÝ (1.2 µm),  uº���ÈUþ>l�)�1
6f¬3*ÑL§¥Ü©�EÜK. 
�È3Ñ

¦�S�Uþ�)�>f�Çé��/Ïu¤£
>|¢yÃEÜ���©l, �dã 6 �� 63Ni

3(ì�¥k��§� 3.23 µm, 
 I (N−) «°Ý
� 180 µm, = I (N−) «°Ý� 63Ni �§Ø��, Ï
d¦þJp3Ñ¦�S�Uþ�È!N� I (N−)

«°Ýò´JpÑÑ>6��é­��å».

L 3 � Wisconsin �Æ¢�êâ�'�

¹Ý/mCi á´>6/nA (á´>6/nØ�)/% m´>Ø/V (m´>Ø/nØ�))/% =��Ç/%

�© 8 27.36 13.68 0.028 3.73 0.042

Wisconsin 0.064 1.31 64.07 0.053 10.6 1

ã 5 63Ni PC�) β âfëYUþ©Ùã

ã 6 63Ni 3(ì�¥Uþ�È-�Ý­�

L 4 63Ni 3�.ì�¥>fUþ�È

º�Uþ�È/keV Ñ¦�Uþ�È/keV ì�oUþ�È/keV

9.45 (62%) 5.79 (38%) 15.24

ém´>Ø5`, §�4��dì�Sï³^
>Ø¤û½� 0.7 V, ¢�(Jw«¼��m´>
Ø���uSï³^>Ø. du�.ì�ó�u"
 Øe, dì��V>6­�¼�" Øe�¦>

6��� 4.95 nA. ã 7 �Ñ
m´>Ø� Isc/I0 '
��'X­�, �±wÑ, � Isc/I0 ¿ 1000 �, Voc

����, ò¢�¼�� Isc/I0 ��\, ���m
´>Ø�¢S¼��m´>Øé�C, dd�Ñ,

������m´>Ø, A¦�U/ü$¦>6,

¦ Isc/I0 À 1000. ÏLé\1 63Ni 
�.ì��
ËìA5©Û, ÐÚ��±e(Ø: 1) é(�ëê
�OÜn�ì�, mCi þ?� 63Ni 
éÙ>Æ5U
K��. 2) 3��ó²þî���¦>63�Sþ
?. 3) �O�ÑÑ>6, Ì�l±eA��¡�Ä:

�ì�æ^n� PIN ((� [15,16]; �O�Ñ¦�
Uþ�È'­; � I (N−) «°Ý��È�Ý��.

ã 7 Voc � Isc/I0 �'X­�

4 7ÄËÏUþ=�(��O

K�ËÏ�AÓ ��>³�Ï�éõ, 3/
Ïué P+I (N−) N+ (ËìA5©Û�Ä:þ, ?
1Uþ=�(��O, Ä�(��g�: P+ « (Ë
�
���>)!I (N−) «!N+ «. Ì�l±eA
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��¡�Ä: O�Ë�
'�>¡È; O�
¹Ý;

�,ßÝ�`z; N>{`z.

4.1 ËËË���


���OOO

4.1.1 Ë�
'�>¡È
d{I Wisconsin �Ææ^�øª PN (, ¦�

Ë)>6O�, `²�'²¡(., n�(.U

k�JpË�
�|^ÇÚ=��Ç. ã 8 ´þ°
��æ^�Ï�(�Eâ��Ñ�õ�7, l I-V

­�5w, ®¤õ��Ñn� PN (, =ló²þ
�¢yõ�7 PN ((�. �âù���(�, ï
áÔnAÛ�. (�ã 9), Ù¥©Ùk�» 3 µm!
� 30 µm ��� 106 �, 63Ni 
©Ùu.L²¡
9�S9, �må� 10 µm, ü�9m��áål
� 7 µm. �âù��.é�GN
Ëì�Uþ�
È?1O�, ã 10 �Ñ
²¡N
9�GN
Ë
ì�Uþ�È­�, �wÑ�G(��'u²¡(
�U�~k�/áÂ
u�Ñ� β âf, O�(
Jw«ù«�»'� 10 : 1 �õ�(��±òk

�|^¡ÈO\ 5 �, >l-u�È�oUþO
\ 18.15 �, ÏdU
k�/Jp
|^ÇÚ=�
�Ç. ,	, e3�L¡æ^O¡(�, Ë�
'�
>¡È?�ÚO�, k|uO�Uþ�ÈÇ, l

?�ÚJpÑÑ>6. 
ã 11 Kw«�X�»�
~�, Uþ�È§ÝO�, duÉ���ó²^�
���, 8c'�¤Ù�ó²�±�� 3 µm �m.

5 ms
0 0-2

-0.02

0.02

0.00

0.04

-4-6

U/V

I
/
A

ã 8 õ�7/mã

ã 9 õ�7AÛ(�«¿ã

ã 10 ²¡N
9�GN
Uþ�È­� ã 11 �»�Uþ�È'X­�
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4.1.2 Ë�
¹Ý
dËÏ�A�n�� β âfË� PIN (�)

>f-�Çé, /¤Ë)16f, ÏLË)16f
�½�£Ä±Ë)>6/ªÑÑ. XJË��(
S� β âf-u�)�>f-�Çé�Ü�Â8,

=3�Ñ>Æ����¹e, dã 12 �w�
¹
Ý�á´>6 Isc C�¤�'~'X, Ó�m´>
Ø Voc ��¹Ý¥éêO\. Ïd�O�ÑÑõÇ,


¹Ý�¦�U�. �´du 63Ni 
�3gáÂ�
A, ¦�CWþ�L*¹Ý�mØ¤�', =�

þÝ���½§Ý�, L*¹ÝØ2UC. dã 13

�w�, 3�»� 4 µm �, �X
þÝ�O\, ü
�âf�ÈUþ¥y²w�eüª³, 
dØ�¹
Ý��þ'X

A = λN =
4.17 × 1023 m

MT
=

4.17 × 1023 ρV

MT
, (5)

ª¥ A �Ø�¹Ý, λ �PC~ê, N �Ø��
�fê, V �NÈ, M �Ø����þ, T ��P
Ï. ��oâfu�Ç�
NÈ¤�', dã 14

�wÑ�
þ�L 0.5 µm �, Ë�
�ÈUþÄ
�­½, ����, Ïd, (½ 63Ni 
�Û�þÝ
� 0.5 µm.

ã 12 
¹Ý�á´>6!m´>Ø'X

ã 13 ØÓ
þeüâfUþ�È ã 14 
þ��ÈUþ'X­�

4.2 ���,,,ßßßÝÝÝ

��Uþ=�(�ÑÑ5U�Ï��� ——

16f�Þ��m�ûu��«�°ÝÚ16f

�¤£�Ý, = t = W/v, 
[£Ç´ü >|rÝ
Úå�16f�²þ¤£�Ý, Ùê����Nì
��Ä�ëê-�,ßÝk'. ã 15 w«, 3�,ß
Ý$u 1016/cm3 �, >f!�Ç�[£Ç�±��

176101-6



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 17 (2012) 176101

�, Ä�þ��,ßÝÃ', dËìa)"�ïÄ
(J, À� I (N−) «�,ßÝ� 1012—1013 cm−3.


º� (P+) 9�� (N+), �¦�7á>4/¤
ûÐî0�>��,ßÝØ$u 1019/cm3, �d
3�y I (N−) ��$�,ßÝ�, º� (P+) 9�
� (N+) �,ßÝ½� 1019/cm3.

ã 15 �,ßÝ�*Ñ�Ý'X­�

4.3 NNN>>>{{{

�Ó ��>³�þK1�, >66²K1,

¿3K1üàïáåà>Ø, ù�>³�ó��¹
��u��ð6
 Iion ������4+¿é, 2
(Ü>³SÜ9	ÜG¿é>{, �^ã 16 ¤«
���>´5£ã. ��ÑÙ>6>Ø'X

I = Iion − ID − Ish, (6)

=

I = Iion − Is [exp q(V + IRs)/kT − 1]

−(V + IRs)/Rsh, (7)

±Ñ�ÑÑ I-V ­��ã 17, �� Rsh �O�
Ú Rs �~�k|uUþ=��Ç�Jp, Ù¥G
é>{ Rs Ì��)>4>{!î0�>>{Ú
N>{, >4>{!î0�>>{{��, ��Ñ,

duN>{�(�þÝ, cÙ� I(N−) «þÝk
', ~�Uþ=�(�þÝ´~� Rs �k�å».

Uþ=�(�þÝÌ��) P+ «þÝ!I (N−)

þÝ!N+ «þÝ. dc¡SN��, P+ «þÝK
�Ñ¦�S�Uþ�È, Äu~�Uþ=�(�
��(¯«þÝ, P+ «�þÝ¦�U�, þÝ�
u 1 µm, ±ó²¢y�O. 
��yÑ¦�S�È
Uþ��z, Ñ¦�°Ý�ûu 63Ni 3(ì�¥k
��§ 3.23 µm, k©z�� 63Ni PC�)��Ä

U� 66.9 keV � β âfÙ37¥�§�� 28 µm,

¿±d�§��Ñ¦�°Ý [17], þÝ�'O�
 6

�, éu�,ßÝ� 1012 cm−3 � N− «
ó, d
úª

ρ =
1
δ

=
1

q(pµp + nµn)
(8)

��>{Ç� 4148 Ω·cm, þÝ�O�¦�N>
{òwÍO�, 
dã 5 �� 63Ni PC�)��
ÄU� 66.9 keV � β âf�VÇ=� 0.004%, �


ã 16 Ó ��>³��>´

ã 17 Rs � Rsh é I-V A5�K�
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± 63Ni k��§�O, (½Ñ¦�°Ý� 3—4 µm,

N+ «���.du8c��ó²��, ��U~
�� 120 µm �m, ±d~�>Ö�DÑ´», O\
>ÖÂ8Ç.

5 ( Ø

�âü¬7$U>fËìa)"�1�, é I

«�ü«�,ßÝ� PIN (?1 I-V , C-V ÿÁ,

(Jw«� I « P �,ßÝ��, ��Ë�(¯«,

�XËì5þ�O\, �Udu���Ç"�¥%
��þ�)¦� PIN (.¡�u)UC, ��ì�
��, 
éu$�, PI (N−) N (, vkÑy 63Ni Ë
ìÚå�5UPò. ÏL\1 63Ni �.ì��Ñ

ÑA5� Wisconsin �Æ¢�êâ'�w«, æ^
n� PI (N−) N (�!¦þJp3Ñ¦�S�Uþ
�È!N� I (N−) «°Ý��È�Ý��!��
¦>6��Sþ?ò´JpUþ=��Ç�k�
å». �dïán�õ�AÛ�., O�(Jw«
�»� 3—4 µm!�»'� 10 : 1 �õ�(��±
òk�|^¡ÈO\ 5 �, >l-u�È�oUþ
O\ 18.15 �; �
þ� 0.5 µm, Ë�
�ÈUþ�
���; 
��yÑ¦�S�ÈUþ��z, Ó�
Äu~�Uþ=�(���(¯«þÝ!N>{,

± 63Ni k��§�O, (½Ñ¦�°Ý!PIN (�
,ßÝ9(�º�. ±þ(Ø�?�Ú�õÓ �
�>³�¬�O9��Jøë�.

[1] Zou Y, Huang N K 2006 NUCLEAR TECHNIQUES 29
[2] Kavetskiya A, Yakubovaa G, Yousafa S M, Bower K 2011 Applied

Radiation and Isotopes 69 744

[3] Lua M, Zhang G G, Fu K, Yu G H, Su D, Hu J F 2011 Energy

Conversion and Management 52 1955

[4] Chandrashekhar M V S, Christopher I Thomas, Hui L 2006 Appl.

Phys. Lett. 88 033506

[5] Qiao D Y, Chen X J, Yong R, Yuan W Z 2011 Journal of Micro-

electro mechanical Systems 20 685

[6] Li X Y, Ren Y, Chen X J, Qiao D Y, Yuan W Z 2011 Journal of

Radioanalytical and Nuclear Chemistry 287 173

[7] Qiao D Y, Yuan W Z, Gao P, Yao X W, Zang B, Zhang L, Guo H

2008 Chin. Phys. Lett. 25 3798

[8] Ohyama H, Nakabayashi M, Simoen E, Claeys C, Tanaka K,

Kobayashi K 2002 Nucl. Instrum. Methods Phys. Res. Sect. B

186 176

[9] Liu C S, Wu D X, Zhao L L 2010 Nuclear Instruments and Meth-

ods in Physics Research Section B 268 1146

[10] Kleider J P, Chouffot R, Gudovskikh A S, Labrune M, Ribeyron P
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Abstract

Aiming at the main problem encountered in the research of radioisotope microbattery based on β radio-voltaic effect-enhancement

of energy transfer efficiency and radiation damage as mutually constraining sides of a contradiction, an investigation of radiation-

induced defects in different silicon wafers by low-energy electron irradiation was carried out and the electrical characteristic measure-

ment for two types of PIN structures indicated that P+I (N−)N+ device in I zone with a dopant concentration of 2×1012 cm−3 agreed

with the predicted result of P, N type silicon radiation damage effect. This was then taken as the prototype device, on which test of
63Ni radiation output characteristics was performed. The test result was compared with the experimental data of Wisconsin University

and the major factors causing low energy transfer efficiency were analysed. Adoption of three-dimensional PIN junction structure,

increasing the proportion of energy deposition in depletion region, matching I (N−) zone width and deposition depth and controlling

the leak current under an order of magnitude of Picoampere were considered to enhance the energy transfer efficiency, based on which

energy transfer structure was designed and ultimately structure parameters such as multi-hole PIN structure, radiation source thickness,

depletion region width were determined, thus the energy transfer structure optimization was accomplished.

Keywords: 63Ni source, energy conversion structure, radiation effect, betavoltaic
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