
1 29 ò 1 12 Ï

2005 c 12 �

p U Ô n � Ø Ô n
HIGH ENERGY PHYSICS AND NUCLEAR PHYSICS

Vol. 29, No. 12

Dec., 2005

pU>fåé|¡JÍ1�Monte Carlo�[ *

y¬= Ü�� �r ��À

(ìÀ�Æ��Æ�>fåïÄ¤ LH 250061)

Á� |^©ãÑ��., /ÏMonte Carlo�{�[
äkpd©ÙA��pU\�>få(50keV6

E0 6100keV)3|¡J¥�Ñ�L§, ©O��
ØÓÍ1^�e�>f�Ñ�XêÚUþ�È©Ù,

�[(J�¢�(JéÐ/ÎÜ. 3ù�Uþã, �>fåUþ�p!|¡J��!Ä¡á���f

Sê�$�, �C�A�f. �©��[(JØ=U�pU>få1�ó²`zÍ1^�!ü$�C

�AJønØ��, �U�?�Ú��C�A���Jø�°(�êâ.

'�c >få1� Monte Carlo�[ �C�A �g>f

1 Úó

�X�>fÆ�uÐ, 8¤>´�8¤ÝØä/

Jp, ùÒ�¦8¤>´�¡�k�p�õU�Ý!

�$�õÑÚ���A�º�. duÉ1�û��A

����, |^1Æ1�EâéJ\ó0.13µm±e�

A��^. �1Å�', >f�Å�éá, ùU
l�

�þ�Ñ1Æ1��5���.

>få1�Eâ©EÇ����´du>f

�Ñ�¦|¡JþÍ1��^Ð°. ù«�AÒ�

¤
8c^>få�¡�±¼�����°�Ä�

��.

�
|^>få¤õ/¢yp©EÇ�¡, 7L

á�Ù>f�|¡JÚÄ¡��p�^ÚÑ��A.

\�åUþ���!|¡J�a.!|¡J�þÝ!

Ä¡�a.ÚeZÙ¦ëê�þ´~��C�A, J

p©EÇ��Ä�'�Ï�.

3± é>f�|¡JÚÄ¡��p�^�ïÄ

¥, Ï~æ^ëY~�Cq�{
[1—3]

, =rlÑ�U

þ��L§Cq�ëYUþ��, @�zgÑ�þ�

�5Ñ�, 3>f�Ñ�;,þëY/��Uþ. 3

�þ>f8N\���¹e, ù«Cq�{���U

þ��Ç�¢�(J'�Ð/ÎÜ. �´, ^ù«�

{���|¡J¥�Uþ�Èî�©Ù%�¢�(J

�3X����O, Ù���Ï´vk�Ä�g>f

��)Ú�^.

�Ä�¢S�>fÑ�L§´��lÑ�Uþ

��L§, =>f�3zgÑ��ª:?��Uþ,

Murata!Kyster �<
[4]
JÑ�·Ü�.ò¢S�U

þ��©�ëY�lÑü�L§. \�>f3|¡J

¥Ñ��, 3-Ecdu�lf-uëY/��Uþ,

3u)��5-E�, lÑ/��Uþ, �)�g>

f, �g>f���A��\�>f�$Ä��R�,

¤±�g>fÿ°
\�>f��^��. Ïd, 3

A�º��æ��ÚB�?��¹e, �
�\°(

/�[>f3|¡J¥�Uþ�È, 7L�Ä�g>

f��)9ÙÑ�L§.

MollerÑ��¡´3gd>fb��Ä:þí�

Ñ5�, �g>f�Uþ��d�C"�\�>fU

þ���. Uþ�$�ú��g>f, 1§Ø�, é

�¥Uþ�ÈØåÌ��^, ÏdT�.��Ä¯

��g>f��^, �Ñú��g>f. �\�>

f�Uþ�p�, T�.Ø���
[5]

, ��\�>f

Uþ�$�(E0 6 20keV), |^�Ä¤k�g>f�

GryzinskyÑ��¡��
�¢��\���(J
[6]

.

�©ò3�Ä�g>f�z�cJe, |^©ã

Ñ��., /ÏMonte Carlo�{�[äkpd©Ù

A��pU\�>få (50keV6 E0 6100keV)3|¡
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J¥�Ñ�L§, ?ïÄØÓÍ1^�e�>f�

Ñ�XêÚUþ�È©Ù, ¿�¢�(J?1'�.

2 �C�A

>f3|¡JÚÄ¡¥Ñ����ål���

ê�µm, Ïd|¡J¥,�:¤áÂ�UþØ=�

ûuT:\�>f�Jþ, ��¬É���Í1:

�)�K�. 3��Í1¡È�¥%, Xã1�A:,

�¹5g±�\�>f�éõ©þ, 3Í1ã/�

$�Ú>�?vk�Â��Ó�oJþ. XJ>�

?(XB)�áÂUþ�Ý�Ð�wKK�, KÙ$�

?(XC)KØUwKÑ¤F"� �, ù¡�SÜ�

C�A
[7]

. ����ã/�åéC�, K�)�Ó�

Í1�A, ¦��ã/�m*d�é�àÑÚò�(X

D ?), $�/¤x�y�, ù¡��p�C�A
[7]

.

ã 1 �C�A«¿ã

�C�A´d>fÑ�Úå�, �,Ø�;�,

�´�±æ���~f½��. �C�A���8

I´¦z�Í1:áÂ�Uþ�Ý��. �
O�z

�Í1:�Uþ�Ý, Nõ��^�æ^ChangJÑ

�Vpd¼ê
[8]

CqL«Í1:Uþ�È�:*Ð

¼ê

f(r)=
1

π(1+η)

[

1

α2
e−(r/α)2 +

η

β2
e−(r/β)2

]

, (1)

ª¥αÚβ ©O´cÑ�Ú�Ñ��^�A��°,

ëêη ´�Ñ�>f�È�oUþ�cÑ�>f�È

�oUþ�'. ù«�.�±ÏL¢��{5(½α,

β Úη ��. 3û�^�¥�;
�
Í1^��ë

ê, 3éã/Í1c, |^:*Ð¼êO��ã/Í

1:A\��>fêþ, l¦�Í1:áÂ�Uþ

�Ýþï, ���C�A���8�. �´, ù
ëê

É\�>fåU!|¡Já�!|¡JþÝ!Ä¡á

��Ï��K�. XJÙ¥�,�^�u)Cz, Ò

I�#(½ù
ëê. �
~�¢�gêÚü$d

uÿþÚå�Ø�, �±éMonte Carlo�[êâ?

1[Ü, (½ù
ëê. 2ö, :*Ð¼ê�´�«C

q, �
�O(/?1�C�A��, �±��|^

Monte CarloUþ�È��[êâ?1�Í1:Uþ

�È�O�. Ïd°(/�[>fåÍ1¥�Uþ�

Èé�C�A���äk��¿Â.

3 Ñ��.

\�>f3�N¥�Ñ��8(�ü«�¹: (1)

\�>f��fØ�mu)�5-E, ¡��5Ñ�.

3�5Ñ�¥, du�fØ��þ��u>f��þ,

�Cq@�-E�\�>f�UC��, ÙUþØC.

(2) \�>f�Ø	>fu)�-E, ù«-EÚå

�>fÑ�¡���5Ñ�. 3��5Ñ�¥, �f

�-u½>l, \�>f��Uþ, Ó���X��

½Ù¦>f(X�g>f!��>f�)�-u.

3.1 �5Ñ��¡

ÏLþfåÆ©Å{¦)Dirac�§¼��Mott

�¡'¶-�Rutherford�¡U
�O(�£ã�

5Ñ�
[9]

, Mott�©Ñ��¡�

dσ(θ)

dΩ
= |f(θ)|2 + |g(θ)|2 , (2)

Ù¥f(θ)Úg(θ)´|^þfåÆ©Å{¦)�éØ

Dirac�§¼��\�ÅÚÑ�Å�Å¼ê. 3Monte

Carlo�[¥, O�Mott�¡��Ý�ú, �
Jp

�[O���Ç, �±æ^�L�����{
[2]

.

3.2 ��5Ñ��¡

��5Ñ�L§©�ü�Ä��-uL§: �´

\�>f�(Ü;����>f�-E, �´\�>

f�(ÜtÑ�	�>f�-E.

\ � > f � ( Ü ; � � � � > f � - E ^

Gryzinsky�¡£ã
[10]

, Ù�©�¡�

dσ(∆E)

d∆E
=

πe4

∆E3

EB

E0

(

E0

E0 +EB

) 3
2

×

(

1− ∆E

E0

)

EB
(EB+∆E)

×
{

∆E

EB

(

1− EB

E0

)

+

4

3
ln

[

2.7+

(

E0−∆E

EB

) 1
2

]}

, (3)

Ù¥e�>f>þ, ∆E, EB, E0 ©O´Uþ��!²

þ(ÜU!\�>f�Uþ(ü þ�keV).
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Gryzinskyo�¡�

σG
inel =

6.51×10−14

E2
B

Ns

U

(

U −1

U +1

)3/2

×

[

1+
2

3
(1−1/2U) ln(2.7+(U −1)1/2)

]

, (4)

Ù¥U = E0/EB, Ns ´,��þ�>fê.

\�>f�(ÜtÑ�	�>f�-E^Moller

�¡£ã
[4]

, Ù�©�¡�
(

dσf

dε

)

M

=
2πe4

mv2E0

[

1

ε2
+

1

(1−ε)2
+

(

τ

τ +1

)2

− 2τ +1

(τ +1)2
1

ε(1−ε)

]

, (5)

Ù¥ε = ∆E/E0, τ = (γ−1−1)´�>f�·�Umc2

8�z�\�>f�ÄU, γ =

√

1−
(

v

c

)2

, m´>f

�·��þ, v ´>f��éØ�Ý,

σM
inel =

∫1/2

εi

dσ
M

dε
dε =

2πe4

mv2E0

[(

1

2
−εi

)(

τ

τ +1

)2

+

1

εi

− 1

1−εi

− 2τ +1

(τ +1)2
ln

1−εi

εi

]

, (6)

Ù¥εi� (EB +0.01)/E0.

3.3 Betheúª9Ù?�

�,¢S�>fÑ�L§´��lÑ�L§, =

>f3Ñ��ª:?lÑ/��Uþ. �du3>

fåÍ1�L§¥�þ>f8N\���N¥, ¤±

�±^²þUþ��Ç5L«�þ>f�Uþ��

L§.

éu��éØUþ�>f, Bethe�âþfåÆ

�{�Ñ
��^ëY~�Cq�{O�Uþ��Ç

�úª
[

−dE

ds

]

Bethe

=
2πe4

E0

nZ ln
1.166E0

J
, (7)

Ù¥n��f�Ý, Z�>f\��Ná���fS

ê, J�²þ>lU.

éuõ�0�, n, Z ÚJ þ�|¤���²þ

�
[3]

.

Joy3Betheó��Ä:þJÑ
$U���?

�úª
[11]

[

−dE

ds

]

Joy

=
2πe4

E0

nZ ln
1.166E0

J ′
, (8)

Ù¥J ′ =
J

1+kJ/E
, Túª�O(5�k �k', Ï

L·�À�k �, dª(J�¢�(J���Z¬

Ü
[11]

.

Joy±�L�/ª=�Ñ
7«����Zk �,

¿�Joy�Ñ, ��k ��C��u1, Ù��Ø¬Ú

å���Ø�. Ïd, ·�æ��5����{, ÏL

O���Ù¦��ÚzÜÔ�k �.

pU>fI�?1�éØ�A?�, Betheúª

��éØ�A?�/ªL«�
[5]

[

−dE

ds

]

R

=
2πe4

mv2
nZ

[

ln
mv2E0

2J2γ2
−

(2γ−γ2) ln2+γ2 +
1

8
(1−γ2)

]

. (9)

3.4 ·Ü�.

·Ü�.´£ã�g>f�)����k

���{, >f3Ñ�L§¥ëYUþ��Ç�^

BetheúªO��oUþ��Ç~�lÑ�Uþ��

Ç, =

[

dE

ds

]

cont

=

[

dE

ds

]′

Bethe

−
[

dE

ds

]

dis

, (10)

Ù¥

[

dE

ds

]

cont

�d�lf-uÚå�ëYUþ��

Ç,

[

dE

ds

]

dis

�d��5Ñ�Úå�lÑ�Uþ��

Ç,

[

dE

ds

]

′

Bethe

�^BetheúªO��oUþ��Ç,

��âØÓ�Uþã©OÀ^(7), (8)½(9)ª
[

dE

ds

]

dis

=

[

dE

ds

]

core

+

[

dE

ds

]

valence

, (11)

þ ª m > ü � ´ � â > f � U þ d Gryzinsky ½

Moller�©Ñ��¡���Uþ��Ç.

3.5 ©ãÑ��.

�©JÑ
30.1—100keVUþ��S?1>

f å Í 1 Monte Carlo � [ � © ã Ñ � � .. 3

T�Y¥, é¤k��5Ñ�þæ^°(�Mott

� 5 Ñ � � ¡.  é � � 5 Ñ �, � U þ ? u

0.1keV< E0 610keV, 10keV< E0 620keVÚ20keV<

E0 6100keV�, ©Oæ^
Joy?��Betheúª!

Ï~�BetheúªÚ�éØ�A?��Betheúª5

O�oUþ��Ç. �0.1keV< E0 620keVÚ20keV<

E0 6100keV�, ©Oæ^
GryzinskyÑ��¡Ú

MollerÑ��¡O�lÑ�Uþ��Ç.
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4 O�L§

1) O�pd©Ù\�>f�Ð©�I

p d © Ù � > f å �, > f � Ð © � I d e

ª
[12]

Ä�¼�














X0 = R
√
− lnW1 cos(2πW2)

Y0 = R
√
− lnW1 sin(2πW2)

Z0 = 0

, (12)

Ù¥R�>få���», W1, W2�(0, 1)þþ!©

Ù��Åê.

2) O��5Ñ��¡¿(½Ñ�¥%

�5Ñ��¡^Mott�¡, ÏL�LÚ����

{¼�o�5Ñ��¡σel. ¿ÏLVÇ�ÅÄ�(½

Ñ�¥%
[2]

.

3) O���5Ñ��¡

�Uþ0.1keV6 E0 620keV�, ��5Ñ��¡

σG
inel d(4)ªO�. �Uþ20keV< E0 6100keV�, �

�5Ñ��¡σM
inel d(6)ªO�.

4) O�>f3�N¥�gd§

> f 3 �N¥ � ² þ g d § λT ÷ v � §:

1/λT = 1/λel + 1/λinel, gd§λ÷vÑt©Ù, K

λ=−λT lnR1, Ù¥R1�(0,1)þþ!©Ù��Åê.

5) �äÑ�a.

÷vØ�ªR2 6
1/λel

1/λT

���5Ñ�, ÄK��

�5Ñ�, R2�(0, 1)þþ!©Ù��Åê, e���

5Ñ�, KIUY|^R2 �ä´�(Ü;����>

f�-E, �´�(ÜtÑ�d�>f�-E, e÷

vØ�ª

1/λel

1/λT

< R2 6
1/λel +1/λL

1/λT

,

K��L�>f�-E, e÷vØ�ª
1/λel +1/λL

1/λT

<

R2 6 1, K��d�>f�-E.

6) O�\�>f�Uþ��!�g>f�Uþ

9§��Ñ��

e���5Ñ�, �Uþ0.1keV6 E0 620keV�,

��5Ñ��Uþ��∆E d(13)ª¼�
[6]

R3 =

∫∆E

EB

(

dσ(∆E)

d∆E

)

d∆E

/∫E0

EB

(

dσ(∆E)

d∆E

)

d∆E ,

(13)

R3�(0,1)þþ!©Ù��Åê.

�g>f�Uþ: Ese = ∆E−EB, \�>fÚ�

g>f�Ñ��©O�θp Úθs, K: sin2 θp = ∆E/E0,

cos2 θs = ∆E/E0.

�Uþ20keV< E0 6100keV�, ��5Ñ��)

��g>f�Uþd(14)ª¼�
[6]

R3 =

∫Ese

Ei

dσM

dE
dE

/∫E0/2

Ei

dσM

dE
dE , (14)

Ù ¥ Ei = EB + 0.01. \ � > f Ú � g > f � Ñ

� � © O� θp Ú θs, K: sin2 θp = 2ε/(2 + τ − τε),

sin2 θs = 2(1−ε)/(2+τε).

e��5Ñ�, �5Ñ��θ �dúª

R4 =

∫θ

0

dσ(θ)

dΩ
sinθdθ

/∫π

0

dσ(θ)

dΩ
sinθdθ

Ä�¼�, Ù¥R4�(0,1)þþ!©Ù��Åê.

7) O�� �

� �dúª φ = 2πR5 Ä�¼�, Ù¥R5� (0,

1)þþ!©Ù��Åê.

8) O�Ñ�ª:��I

d>f�Ð©�I!Ñ��θ!� �φÚgd

§λ, ¿�|^Ñ�>f�mÑ$�I=��{
[13]

O

���TgÑ�ª:��I.

9) O�\�>f3Ñ�ª:��{Uþ

X J ´ � 5 Ñ �, \ � > f � U þ � ��

∆Econt = |[dE/ds]cont| •λ, XJ´��5Ñ�, \�

>f�Uþ���∆Econt +∆E, d\�åUE0 ÚU

þ���O��Ñ�ª:��{Uþ.

XJ�g>f�Uþ�u200eV, K^Betheú

ª�l, ��ÙUþ�u100eV��, ÄK@�T>

f�Uþ�È��A��Iü�¥. \�>fØä?

1�5½��5Ñ�, �l��ÙUþ�u100eV.

5 (J�?Ø

5.1 �Ñ�XêÚUþ�È©Ù

�5Ñ�^Mott�5Ñ��¡£ã, é��5Ñ

�©O^DÚ�Ø�Ä�g>f�)�ëY~�Cq

�.Ú©ãÑ��.épU>f3Au�¥�Ñ�?

1
�[, ©O��
�A��Ñ�Xê, ·���

[(J�©z[14]���¢�(J�é'Xã2¤«.

�[(JL², Ø
��¢�:�	, ü«�[�{

����Ñ�>fXê�¢�(J��OÑ. 3%, ¿

�©ã�.'DÚ�.��[(J��C¢�ÿþ

�. ùL², XJ�5Ñ��.�Ó, ØÓ���5Ñ

��.é�Ñ�Xê�K�Ø�.
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ã 2 �[êâ�¢�êâ�'�

© O ^ þ ã ü « � ., \ � > f å U þ�

100keV, éSiÄ¡þþÝ�300nm�PMMA|¡J

?1Monte Carlo�[���Uþ�È¡�Ýî�©

ÙXã3¤«. �[(JL², �g>fÿ°
>få

��^��, ¤±O�>få3|¡J¥�Uþ�È

©Ù�, �Ä�g>f��)´7��(�[¥�\�

>fê�20000, å��»�10nm, eÓ).

ã 3 ü«�[�{¦��Uþ�È¡�Ýî�©Ù

5.2 \�>fåUéUþ�È�K�

\�>fåUþ�����K�>f�Ñ�L

§, éUþ�È©Ù�K���. ã4�Ñ
\�>f

åUþ�50Ú100keV�3SiÄ¡þþÝ�500nm�

PMMA�¥�Uþ�È¡�Ý(y =0?)î�©Ù. l

ã¥�±wÑ, �>få�Uþ�p�, >fî��

^����, �´|¡JáÂUþ�Ý©Ù��Í

ã 4 \�åUéUþ�È�K�

�. ÏdJp\�>fåU�±~f�C�A, k|

uJpÍ1©EÇ, ¿�, Uþ�p, �C�A�f,

Ù©EÇ�p.

5.3 |¡JþÝé>fUþ�È�K�

|¡JþÝé>fåUþ��È�k��K

�. ã5 �Ñ
ØÓþÝ|¡J¥�Uþ�È¡�

Ý(y = 0?)î�©Ù(\�åUþþ�50keV), |¡

JþÝ��, áÂ�Uþ�Ý©Ù�Ò�Í�, U

þ�È�î�©Ù��Ò��, �C�A�$, éA

�©EÇÒ�p. ÏdÀJ�|¡Jòk|uJpã

/�©EÇ.

ã 5 |¡JþÝéUþ�È�Ý�K�

5.4 Ä¡á�é>fUþ�È©Ù�K�

ã6�Ñ
\�åU�50keV, þÝ�500nm�

PMMA3ØÓÄ¡þ�Uþ�È¡�Ý(y = 0?)î

�©Ù. éup�fSêá�ó, �Ñ��^�O

\¦|¡J¥áÂUþ�ÝO�, Ä¡��fSê�

p, �J�²w. ù´Ï�Ä¡��fSê�p, �

)��Ñ�>fê8�õ, é|¡J�Í1Ò�î.

Ïd, æ^$�fSê�Ä¡�±~��Ñ��^,

Ï���/~��C�A.

ã 6 Ä¡á�éUþ�È�Ý�K�
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6 (Ø

nþ¤ã, �©3�Ä�g>f��)ÚÑ�

� � ¹ e, | ^ © ã Ñ � � ., / Ï Monte Carlo

� { � [ 
 ä k p d © ÙA� � p U(50keV6

E0 6100keV)\�>få�3|¡J¥�Ñ�L§,

©O��
ØÓÍ1^�e>f��Ñ�Xê9Uþ

�È©Ù, �©����[(J�®uL�¢�(J

éÐ/ÎÜ. ·�uy, ù'^DÚ�Ø�Ä�g>

f�)ÚÑ��ëY~�Cq�{����[(J�
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Monte Carlo Simulation of High-Energy Electron

Beam Exposure in Resist *

SONG Hui-Ying ZHANG Yu-Lin WEI Qiang KONG Xiang-Dong

(Institute of Electron Beam, Shandong University, Ji’nan 250061, China)

Abstract The complex scattering process of the high-energy(50keV6 E0 6100keV) electron beams with the Gaussian

distribution in resist is simulated by Monte Carlo method with different energy range models. The backscatter coefficient

of electrons and energy deposition distributions are presented under different exposure conditions. The simulation results

are in good agreement with the experimental data. It is found that, in the energy range 50keV6 E0 6100keV, higher

electron beam energy, thinner resist and lower substrate’s atom number will cause lower proximity effect, which agrees

with the corresponding experiment. The present results not only can help to optimize the exposure conditions in

Electron Beam Lithography, but also supply more accurate data for proximity effect correction.

Key words electron beam lithography, Monte Carlo simulation, proximity effect, secondary electron
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