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1 Ú ó

L¡.¡o÷)�ÄåÆL§´L¡�Æ9
và�nØ¥­��ïÄ�K, ¢�ïÄuyo÷
z�)�L¡äkg���©/(�. )�L¡
�/m~^�m9�m�ü�¼ê h(x, t) 5£ã,
h(x, t) =L«L¡3 t ��, x ?�)�pÝ. o÷
)�L¡�g��©/(�¦�pÝ¼ê h(x, t)
÷vXe�IÝC�ØC5 [1,2]:

h(x, t) = b−αh(bx, bzt), (1)

Ù¥ α 9 z ©O�L¡o÷)��o÷Ý�êÚ
ÄåÆ�ê. o÷)�L¡�IÝ5��±^o
�L¡°Ý W (L, t) =

√
〈(h(x, t) − h̄(x, t))2〉 5

£ã, Ù¥ h̄(x, t) L«3 t ��L¡pÝ h(x, t)
�²þ�, 〈· · · 〉 L«éD(�ÚO²þ. Family
Ú Vicsek[3,4] @�3Ä.°Ý� L �k�XÚ¥,
W (L, t) äkXe�IÝ5Æ:

W (L, t) = Lαf(t/Lz), (2)

ª¥�IÝ¼ê f(x) äk±eìC1�µ� x →
0 � f(x) ∼ xα/z , 
� x → ∞ � f(x) ªu~ê.

Ï
L¡°Ýäk±e�ì?1�:

W (L, t) ∼

 tβ , t ¿ Lz,

Lα, t À Lz,
(3)

ª¥ β = α/z �)��ê, �NÐ©)��ã�Ä
åÆ5�. IÝ�ê α, β 9 z ´XÚáuØÓÊ·
a�­��â.

±þ Family-Vicsek IÝÆ�L¡.¡o÷
) � L § J ø 
 � ß � Ô n ) º [1,2], ï Ä
uyáu Edwards-Wilkinson(EW)[5], Kardar-Parisi-
Zhang (KPZ)[6] � ~ � Ê · a � ) � L § þ ÷
v Family-Vicsek IÝÆ. �Cc5�ïÄ�uy

�
¢S�)�L§ÚlÑ�.¿Ø÷v Family-
Vicsek IÝÆ, =äkÛÉIÝ5� [7−9]. �)�
L§�3ÛÉIÝ5�, �NL¡IÝ5�ÚÛ�
L¡IÝ5�Ø2�Ó, )�L§�Û�IÝ�ê
�±^L¡�pÝ�'é¼ê5(½. pÝ�'é
¼ê�½Â�

G(l, t) = 〈[h(x + l, t) − h(x, t)]2〉. (4)

pÝ�'é¼êäkXe�IÝ5Æµ

G(l, t) = t2βfA(l/t1/z), (5)
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Ù¥IÝ¼ê fA(x) äkì?1�µ� x → 0 �,
fA(x) ∼ x2αloc , � x → ∞ �, ªu~ê, Ï
pÝ
�'é¼êäk±e�ì?1�:

G(l, t) ∼

 t2β, t ¿ lz,

l2αloc , t À lz,
(6)

Ù ¥ αloc � Û � o ÷ Ý � ê, ) � L ¡ ÷
v Family-Vicsek IÝÆ�, α = αloc, 
� α 6= αloc

�, )�L¡=äkÛÉIÝ5.
3éL¡o÷y��?�ÚïÄ¥, L¡�/

m��±^L¡pÝ©Ù� ÝÚ¸Ý5£ã,  
Ý�½Â�

S =
W3

W
3/2
2

, (7)

¸Ý½Â�
Q =

W4

W 2
2

− 3, (8)

Ù¥ Wn ≡
〈
(h − h̄)n

〉
. Chin Ú Nijs[10] JÑ
3

áu KPZ Ê·a�)�L§¥,  ÝÚ¸Ýäk
Ê·5, �±^5�älÑ�.´Äáu KPZ Ê
·a. Aarão Reis[11] �ïÄL² ÝÚ¸ÝØ�
3 KPZ Ê·a¥äkÊ·5, 
�3 MBE Ê·a
�lÑ�.¥�äkÊ·5. 
·�3©Û¹ñ-
���È (ballistic deposition, BD) �.�k�º�
�A�uy, 3¹ñ-� BD �.¥,  ÝÚ¸Ý�
���XÚ�º��m÷v�Ç'X, 3XÚº�
ªuÃ¡���Ø�(½� ÝÚ¸Ý�, =3ñ
-�A�3� ÝÚ¸ÝØ2LyÑÊ·5 [12].

3¢S�L¡.¡)�L§¥, Øé)�L¡
�/m?1ïÄ	, )�N�õ�5�´ïÄ�­
:. õ�5´K�)�N�åÆ!>Æ!^Æ½z
Æ5��­�Ï�. )�N�õ�5�^Ù�Ý5
L«, 3lÑ�.¥�Ý�±½Â�®Óâ�:ê
ÓL¡eo�:ê�'~. ®k�þ�ó�ïÄ

ØÓ)�^�e)�Nõ�5É)�^��K�
±9�)�N5��'X [13−18].

¢�9nØïÄL¡.¡o÷z)�L§�
�{ü�¹´âf÷R���\��Ä.L¡, 

3zÆ�È!í��È�¢S�L§�Ñy
â
f±�½�Ý©Ù\���¹, =Ñy
ñ-�
A, ¢�uyñ-�A��3wÍ/UC
L¡
�IÝ5�. �ïÄ3A½\��Ýeñ-�A
é)�L§�K�, Cc5Ñy
�
éA½\�
�e�ÈÚ	ò)�L§�¢�ïÄ. Datta � [19]

A^�fåw�ºïÄ
�lfñÂ7L¡�/
¤�±Ï5Å«G�L¡, ��
��f3ØÓ
�A½�Ý\��Å«GL¡�/m9Å«Å�
�\��Ý�Cz'X, ¿�[ïÄ
\��Ý
� 60◦ Ú 70◦ Ý�Å«L¡�5�. Kim � [20] ï
Ä
3�z�L¡�ð�È~���L§, ÏL
ÿþØÓ\��Ýe�È���~��é�í�
áNÇïÄ
\��Ýé�È��5��K�.
Asgharizadeh � [21] ïÄ
3ØÓ\��Ýe�7
�í�È/¤7��, ÿþ
7�� X ��ò�Ç
Ú1Æò�Ç±9���õ�5É\��Ý�K
�. Pirouz � [22] A^×£>fw�ºÚ�fåw
�ºïÄ
3Û77Ä.þ�í�ÈÉ���(
�, ÏLL¡°Ý�ÿþ��
3A½\��Ýe
)����É���IÝ�ê. ?Ø
���IÝ
5�É\��Ý�K�. Rabbering � [23] |^×£
>fw�ºÚp©EÇ$Uþ>fû�¤ïÄ

ÔÄ.þþ�	ò)��Ô��L¡�o÷zL
§ÚÅ«G(�É§Ý9\��Ý�K�. l±þ
¢�(J�±wÑñ-�AUwÍUC)�L¡
Ú)�N�/m9IÝ5�, l
K�)�L¡Ú
)�N�ÔnÚzÆ5�.

�?�Ú�«ñ-�A�3�)�L§�I
Ý5�, Shim � [16,24,25] Ú\¹ñ-�lÑ�.,
�Ä
*ÑÚñ-�Aé)�L§�K�, ïÄ

��\�7á�	ò)�L§¥)�L¡�/
m!'é�Ý9��É5�\��Ý�Cz, Ó�
ïÄ
3��\��¹eÄ.^=éL¡/m9
'é�Ý�K�. �äNïÄñ-�A�3��z
Æ�È!í��È�)�L§, Yu Ú Amar[18] ï
Ä
¹ñ- BD �., =âf±�½�Ý©Ù\
�� BD �., (½
�.�)��ê!o÷z�
ê!Û�o÷Ý�êÚ©/�ê, �Ñ¹ñ- BD
�.AäkÛÉIÝ5. éuâf±A½�Ý�R
�\�� BD �., Ó��3Xñ-�A, ñ-�A
´�«�Û���p�^, �þ�nØÚ�[ó�
þL²�Û��p�^��3òwÍ/UCo÷
z)�L§�IÝ5� [26−30]. \��Ý�ØÓò
K��Û��p�^, l
UC)�L¡�IÝ5
�9)�N�Ôn!zÆ5�, Ï
, éù�¯K
�ïÄäk­��nØÚA^d�. ��[ïÄ\
��Ýé)�L§�K�, �©æ^±A½�Ý�
�\�� BD �.ÏL�[��
3ØÓ\��
Ýe)�L¡��IÝ�ê9L¡ÚO�¸ÝÚ
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 Ý, ©Û
\��Ýé)�Nõ�5�K�. �
[(JL²IÝ�ê�\��Ý�m�'X´�
�5!�üN�, �.L¡ ÝÚ¸Ý3��\�
�¹eÙ��r��6uXÚ�º�, vkLyÑ
Ê·5, Ó���\�é)�N�õ�5��)

wÍ�K�.

2 \��Ýé�.IÝ5��K�

�©�Ä 1+1 ���\�� BD �., ÙäN
�{�: b��Ð�Ä.����²"Ä., âf
^��/�:L«. âf3Ä.þ�?À� �±
�½��Ý θ ��\��Ä.þ, Ù¥ θ �âf\
����Ä.{��m�Y�. âf\��Ä.
þ��ÈL§ÎÜ BD �.��{, =âfNX3
�®)�N�Ð��>:?. 3�[L§¥æ^

±Ï5>.^�, Ä.�Ý½Â� L, z�È L

�âf�mO�¬. �âXÚº����ØÓ, �
[(J� 100—1000 g�[L§�²þ. �âL¡
�IÝb�, nØÚ¢�ïÄ�´XÚ3�º�Ú
��me�IÝ5�, ék���º��lÑ�.
?1�[���(JÉ�k�º��A�K�. �
©3�[L§¥�~�k�º��A�K�, æ^

 Aarão Reis[31] JÑ�	í�?n�{5(½X
Ú�IÝ�ê.

3o÷L¡)�ÐÏ, L¡°Ý W (L, t) ∼ tβ ,
3�\��ÝeéØÓXÚº��[��)��
ê β ���, ëì©z [31] ¥�	í�{, ��3
XÚº�ªuÃ¡��\��Ýe�)��ê�
�, Xã 1 ¤«. \��Ý θ = 0 éA�©� BD
�., d� β = 0.323 �®k©z¥�(JÎÜ�
éÐ [31]. 3 θ l 0◦ Cz� 10◦ �L§¥, )�
�êâü� 0.224, du BD �.�Ä�´n�Å
5âf, �����\��ÝéL¡/m�)�
K��~²w. UYO�\��Ý, )��ê�X
\��Ý�O�
üNO\, 3 θ = 80◦ �, )�
�ê β = 0.387. 3¤k\��Ýe)��êþ�
u©z [12] âf¥{u©Ù�Å\���)��
ê. ù´Ï��'¹ñ- BD �., �©��\�
� BD �.¥\��Ý��½�, �´u/¤�5
Æ��\G(�, A^ç�pÝ5ÚOL¡°Ý�
äk���L¡°Ýê�, Ï
äk���)��
ê. �©�(J�©z [16] ¥��\��	ò)�
¢����(JÎÜ�éÐ, Ó��©���)�

�ê�\��Ý�'X�3Û77Ä.þ�í�
ÈÉ���¢�¥���(J´��� [22].

ã 1 )��ê β �\��Ý θ �m�'X

ã 2 o÷Ý�ê α Ú\��Ý θ �m�'X

d (3) ª�(½XÚ�Ú��o÷Ý�ê,
é Ø Ó \ � � Ý e � . � o ÷ Ý � ê Ó � ?
1k�º��A?�, ���(JXã 2 ¤«.
3 θ = 0 �, =���©� BD �.�o÷Ý�
ê� α = 0.465, ù�®k©z¥�(JUéÐ/
ÎÜ [31]. 3\��Ý��� (0◦ < θ < 10◦), o
÷Ý�ê�X\��Ý�O\
×�~�, ��
� θ = 40◦ o÷Ý�ê�\��Ý�O\
O\.
� θ > 40◦ �, o÷Ý�êþ�u BD �.�o
÷Ý�ê, `²3��Ý\��, L¡'R�\�
� BD �.�\o÷. o÷Ý�ê�\��Ý�m
vküN�'X, 3 θ ?u 40◦ NC�, α � θ �
'XÑy
��. 3 40◦ < θ < 50◦ �, α � θ e
ü��Ï´�X\��Ý�O�, )�N�ÎG(
��ç����Y�ÅìO�, ù¦�±ç�pÝ
?1O��L¡°Ýê�Ñy
eü, ?
¦� α

� θ Ñy
ÛÜeüª³. � α > 50◦ �, o÷Ý
�ê α � θ O�
O�, ù´Ï�3�\��Ýe
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)�NÑy
²w��éÕá��ÎG(�, ÎN
m�]�C�C°, L¡°Ý��O�. 3 θ = 80◦

�, o÷Ý�ê�� 0.786. �©�[���\�
�Ýéo÷Ý�ê�K��©z [16] 9©z [22]
¥¢����\��Ýéo÷Ý�ê�K�U�
Ð/ÎÜ.

ã 3 ÄåÆ�ê Z �\��Ý θ �m�'X

æ^Ú©z [12] ¥�Ó��{, �±(½3Ø
Ó�\��ÝeXÚo÷)��ÄåÆ�ê Z, X
ã 3 ¤«, ÄåÆ�ê Z Ú\��Ý θ �m÷v
�'X'�E,. θ = 0 �, =�©� BD �.é
A�ÄåÆ�ê Z = 1.504, �®k�(JÎÜ�
éÐ. �X θ �O�, ÄåÆ�ê� θ m÷v�'
X�o÷Ý�ê´�q�, ù¦�3ØÓ�\�
�Ýe, XÚ�IÝ�ê3Ø�#N���S÷
v Family-Vicsek IÝÆ.

3 O � X Ú Û � o ÷ Ý � ê �, æ ^ 3 ©
z [12] ¥JÑ��{?1
k�º��A?�,
��éAØÓ�\���¹e, XÚ3�º�4�
e�Û�o÷o�ê αloc, Xã 4 ¤«, αloc � θ

�Czª³��No÷Ý�ê α �q, θ < 10◦ �,
αloc � θ �O�×�~�. 10◦ 6 θ 6 80◦ ��
�S αloc � θ �N¥þ,ª³, �� θ ?3 40◦

NC�, αloc � θ �CzÑy
��. 3 θ = 0
�, = � © � BD � . � ¹ e, Û � o ÷ Ý �
ê αloc = 0.461, ù� α = 0.465 Cq��, L²
�©� BD �.ØäkÛÉIÝ5. � θ ?u 0—
20◦ �, α − αloc < 0.05, d�ÛÉIÝ5Ø²w.
� θ ?u 20◦—40◦ �, α − αloc ���� θ �O�
'�²w, 
� θ ?u 40◦—60◦ �, α−αloc � θ C
zØ²w. � θ = 80◦ �, α−αloc = 0.29, XÚäk
�~²w�ÛÉIÝ5. �©(Jw«3ÑyÛÉ
IÝ� αloc < α < 1, �â Ramasco � [32] éÛÉ

IÝ5�©a, ��Ý��\�� BD �.äk�
kÛÉIÝ5. ùp�(J�éÐ/�y
 Lopez
� [33] 3nØþ�(Ø, =3�3�§�p�^�
�¹e, o÷)�L¡äkÛÉIÝ5, 3�©�
.¥�X θ �O�, =�3�5�;.��§�p
�^, XÚ�ÛÉIÝ5�5�wÍ.

ã 4 Û�o÷Ý�ê αloc �\��Ý θ �m�'X (�
ã��No÷Ý�ê�Û�o÷Ý�ê��� α − αloc

�X\��Ý�Cz'X)

ã 5 ØÓ\��Ýe Ý S � L−1 �Cz'X

�
ïÄ3��\�� BD �.¥)�L¡
� ÝÚ¸Ý´ÄLyÑÊ·5, �©�[
Ø
Ó\��ÝeéAØÓXÚº��)�L¡� 
Ý S Ú¸Ý Q �. ã 5 Úã 6 L«
3ØÓ�\
��Ýe Ý S Ú¸Ý Q �XÚº� L−1 �m�
Cz'X. dã 5 Úã 6 �±wÑ, 3 θ = 0 �, =
�©� BD �.�¹e, S 9 Q ÉXÚº��K�
��. 
�, 3 L−1 ªu 0 �, = L ªuÃ¡��,
S 9 Q ªuð½�, ù«Âñ��¹¦�ÏL	í
��{�±�� S Ú Q 3�º�4�e�(½�
�. d� S Ú Q � L �Cz�±n)�k�º�
�A�)�K�, ù�K�¿Ø�N S Ú Q 3 BD
�.9 KPZ Ê·a¥äkÊ·5 [10]. �X θ �
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O�, S Ú Q �XÚº� L �CzC��\wÍ,
3 θ < 30◦ �, S Ú Q �X L �O�
~�, 

3 θ > 40◦ �, S Ú Q �X L �O�
O�. l±
þIÝ�ê�X\��Ý�Cz9d? Ý9¸
ÝÚ\��Ý�'X�±wÑ, 3 40◦ NC, θ éX
ÚIÝ5��K��3���.�, 3 θ �uÚ�
uT�.�� θ é�.IÝ5��K�LyÑØ
Ó�5�. Ø θ = 30◦ 	, 3 θ > 0◦ �, S Ú Q �
X L �Cz3 L ªuÃ¡�C��\ì�, d� S

Ú Q � L �'X�¹ñ-� BD �.¥��¹a
q, =3 L ���, S Ú Q �X L ¥y�ÇCz'
X [12], d	í��{Ã{��XÚº� L ªuÃ
¡��� S Ú Q �. `²3��\��, ñ-�A
��3¦� BD �.¥ S Ú Q Ø2LyÑÊ·5,
ù�`²
 ÝÚ¸Ý�Ê·5·^��´�~
k��.

ã 6 ØÓ\��Ýe¸Ý Q � L−1 �Cz'X

ã 7 )�N�Ý�\��Ý θ �m�'X (ã¥êâ
� L = 1024 �XÚ¥c 200 ��ÚO(J)

3éL¡.¡o÷z)�L§�ïÄ¥, Ø5
­ïÄo÷L¡�/m	, é)�N�õ�5?
1ïÄ�äk­��¿Â. 3¢Sá��)�L
§¥, )�N�õ�5éá���>5!�95

9Å�rÝ�5�Ñäkû½5�K�. 3��\
��, ��\��Ý�Ué)�ÎN�õ�5�
)K�, 3�©��[¥�Ä
\��Ýé)�N
õ�5�K�, )�N�õ�5^Ù�Ý=W¿¡
ÈÓo¡È�z©'5L«. 3O�¥XÚ�º
� L = 1024, 3L¡°Ý���Ú�O� 1—200
���Ý, ã 7 ¥�êâ� 500 gXÚ²þ��(
J. lã 7 �±wÑ�X\��Ý θ �O�, )�
N��ÝüNü$, 3�Ý����ÝCz��,

�\��Ý�u 50◦ �, �X\��Ý�O�)
�N��ÝCz�wÍ. �®k¢��(J?1'
� [22,34], �©��[(JÚ¢�(J3Czª³
þ´���, �3��É´�©3�A�Ýe)�
N��Ý�¢�(J��. �)ù��É��Ï�
U´�©�.î�÷v BD �.��{, =eá�
âfÅ3�®)�N�Ð��>:?, ùÒ¬�)
[��]!, /¤
����É. �´3¢S�)
�L§¥, du)áNÚ*Ñ��3, {N
[�
]!�/¤, l
¦���º��É�/¤É�³
� [14].

3 ?Ø�(Ø

�©ÏL�[ïÄ
��\�� BD �.�
IÝ5�, 3(½�.IÝ�ê�A^
	í��
{ék�º��A�K�?1
?�. ÏL�[(
J�±wÑ��\��Ýé�.IÝ�êäkw
Í�K�, IÝ�ê�\��Ým�'X´��5
�üN�. IÝ�ê�Cz�N
)�N/m�\
��Ý�UC, �X\��Ý�O�, )�NdR
�\���{G(�=C����ÎG(�, 
3
��Ý\��KC¤
�éÕá���ÎG(�.
3 0◦ < θ < 10◦ �, IÝ�ê� θ �Cz�~ì�,
3®k�¢�¥vk*ÿ�ù«ì��Cz, ù´
Ï�3 BD �.¥�Ä
n��Å5âf, vk�
Ä?Û)áNÚ*Ñ�3, 
ù«n��Å5âf
3¢S�)�L§¥´Ø�3. 3Ø�#N��
�S�\��Ýeo÷L¡þ÷v Family-Vicsek
IÝÆ, d�No÷Ý�êÚÛ�o÷Ý�ê�
'��±wÑ, 3 θ ���, XÚ÷v�~IÝ5
�, 
3 θ > 30◦ �, XÚm©LyÑÛÉIÝ5,
�X θ �O�, ÛÉIÝ5�5�²w, ùÒ`²

�§�p�^´�)ÛÉIÝ5��Ï.  ÝÚ
¸Ý�XÚº��'XÓ�É�\��Ý�K�,
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Ø θ = 30◦ 	, XÚ� ÝÚ¸Ý�XÚº�mÑ
y
aq¹ñ- BD �.¥��Ç'X, Ï
é�
�\�� BD �.,  ÝÚ¸Ý�XÚm�'XØ
U^k�º��A5)º. ��\�¦� BD �.
¥ ÝÚ¸ÝØ2LyÑÊ·5, `² ÝÚ¸Ý
�Ê·5�·^��´�~k��. ÏLéXÚ)
�N�Ý��[uy)�N��Ý�X\��Ý
�O�
~�, =)�N�õ�5�\��Ý�m
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Abstract

In surface roughening of the growth process, the shadowing effect generated by non-normal incidence of particles is a kind of

long-range interaction. It is found that the surface morphology and the bulk property in non-normal incidence are nontrivially affected

by shadowing effect. In this paper, the effects of the oblique-incidence angle on scaling exponent, skewness and kurtosis in surface

statistics and bulk porosity are investigated by simulating the oblique-incidence ballistic deposition model. The results illustrate that

there are a non-monotonic relation between scaling exponents and oblique-incidence angle, and the finite size effects of skewness and

kurtosis depend on oblique-incidence angle. The simulation results are also analyzed qualitatively in the paper.
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