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Äu Mie Ñ�nØ, é�õÇu1�4+µC¥F1®�1-u!áÂ!Ñ���^?1ê��[, �ýO�
3ØÓx1Ú§�c��Ñ�1�rÝ'~, ïÄ
F1®��â��éx1u1�4+��1Ïþ�K�. é�
.F1®æC(�¥ØÓ�»F1®�âÚØÓÚ§��1�?1
©Û, �©Û
Ó�Ú§eØÓF1®�â
�»!æ��þÝéx1u1�4+Ñ1��mÚ§©Ùþ!5�K�. ïÄ¥¤æ^�ì�-u1ÌÚu�1
ÌÑ�á��¢ÿ1Ì, 
¿�b��ü�1Ì. ïÄL²: 3æ^�.F1®æC(��cJe, �F1®�â�
»� 0.5 µm �U¦u1�4+1Ïþ����; F1®�â��, u1�4+�mÚ§©Ùþ!5�Ð; é�½�
µC(�, F1®æ�þÝ� 0.8 mm ��mÚ§©Ùþ!5�Z.

'�c: �õÇu1�4+µC, F1®, 1Ïþ, 1Ú©Ù

PACS: 42.25.Fx

1 Ú ó

�õÇu1�4+äk!U��!Æ·�!
��o!´���`: [1], ´ú@�e��ì²�
¬. 8cì²^x1u1�4+Ñ´dµCó²ò
71�4+�¡\þ�ÚF1®��
¤, ÏdF
1®�A5!�u1�4+�¡u1Ì��Ü!
æC�¤.ó²�´K�x1u1�4+�«1
Æ�I (X1�!Ú§!wÚ5!1Ú��Ý©
Ùþ!5�) �'�Ï�. XÛUk��¢^�n
Ø�.��ó²�U?, l
;��²�¹¢5J
px1u1�4+��þ, ¤�
µCè��'5
�¯K. �©�â Mie Ñ�nØ, ÏL^�?1�
ý, �[x1u1�4+µC¥F1®�-u!á
Â!Ñ���^, ïÄu1�4+�Ú§!1Ïþ

91r©Ù�A5�XÚØÓÑ\ëê�Cz5
Æ, ù
Ñ\ëê�)F1®âf���!ßÝ!
ò�Ç!áÂ1Ì!u�1Ì!-u1Ì�.

Ñ�y��ÔnÅn´Ô�3\�1��^
e�fu)4z¿±�\�1�Ó�ªÇ�r½
�Ä, /¤�Äó4f, ��Äó4fuÑ�gÅ
´�Z�. 3þ!0�¥, ù
gÅU\�(J¦
1��U3ò���þUYDÂ, 
3Ù¦��þ
�p-�. �´, �þ!0��þ!5�»� (X\
\��âfÒ»�
gÅ��Z5) �, ù
gÅ
u)U\Ò¬�)Ñ�1, 3Ù¦��þÑ� [2].

��ââ»�\�1Å��±'[�, u)�
Ñ�� Mie Ñ�, Ù�nXã 1 ¤«. Mie Ñ�n
Ø´ð�d��§|éþ!0�¥�þ!¥/�
â3²¡üÚÅì�e�î�êÆ). Mie Ñ��
·^��2, §�4��¹�±^5�[a|Ñ�
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�ÅFÙ¤û� [3].

ã 1 Mie Ñ��n«¿ã

½Â�â�ÃÏg�» α = πd/λ, Ù¥ d �
�â�¢S�», λ �\�1Å� [3]. � m ��â
�éu±�0��Eò�Ç, K

m =
n1 + in2

ns
,

Ù¥ n1 + in2 ��â�ò�Ç, ns �±�0��ò
�Ç.

� â f � � » é � [4], ÷ v ^ � α ¿ 1

� α|m − 1| ¿ 1 �, ¤Úå� Mie Ñ��±^
a|Ñ�5Cq. �É�rÝ� I0 �\�1ì�,

�Ñ�N�å� r, �1¶ z ¤ θ ��*	: P ?
�Ñ�1r Is �L«�

Is =
π4d6

4λ4r2

m2 − 1
m2 + 2

sin2 θI0,

ª¥ I0 �\�1r. dd��, a|Ñ��Ñ�1
r Is �ÃÏg�» α �8g�¤�', �\�1
Å��og�¤�'.

�âfº�é�, ÷v^� α À 1 � α|m −
1| À 1 �, ¤Úå�Ñ��±^ÅFÙ¤û�5C

q, d�1r��Ý�©Ù I(θ) �

I(θ) = I0
π2α4

λ2F 2

[
2J1(α sin(θ))

α sin(θ)

]2

= I(0)
[
2J1(x)

x

]2

,

ª¥, x = α sin(θ) = αθ (��Ý��), J1 ����
l�¼ê, F �ßº�*ÿ¶�ål.

Mie Ñ��±©�üÑ�ÚõÑ�. üÑ��
�k��Ñ�âf�Ñ�, ��^1r��Ý�
©ÙVÇ5L«. õÑ��kõ�Ñ�âf�Ñ
�, O���E,. �©¤ïÄ�nØÄ:´õÑ
��^.

2 Mie Ñ��nØ�[

éu�*âf� Mie Ñ�1�, �±ÏL1
Æ^�?1O�. �F1®âf�ò�Ç� 1.8,

v k J Ü. Ä k � 	 F 1 ® â f � â » é Ñ �
�K�, ù�kØ�Ä-u. �F1®âf��
» d = 0.02, 0.2, 2 µm �, O���Ñ�1r��
Ý©Ù��¹Xã 2 ¤«, ã¥ 0◦ �\�1��,

180◦ �_\�1��.

dã 2 ��: �Xâf�»�~�, Ùé1
�Ñ��^\r. â»��, Ñ����, ��
1 � r, c � 1 � � � 1 � ' ~ � � C. � �
» d = 0.02 µm �, Ñ�Úå�c�1���1
Ä��Ó. 8c~^�F1®�â��»� 2—

16 µm, ÙÑ�A5Ä�þ�±^ Mie Ñ�nØ5
£ã.

ã 2 â»ØÓ�Ñ�1r��Ý�©Ù (a) d = 0.02 µm; (b) d = 0.2 µm; (c) r = 2 µm
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3 ¢�(J9?Ø

e¡Ì�ïÄF1®â»éx1u1�4+
Ñ1�K�ÚF1®â»!µC�þÝéx1u
1�4+1r��Ý©Ù�K�. Ñ��äNO�
Å�ý¢�^1Æ^� Lighttools 5�¤.

3.1 ¢¢¢���ëëëêêê���½½½

�
�	F1®âféu1�4+7Ú1Ë
��Ñ�Ú-u�1�, ·�kò��71u1�
4+�-u1ì�äk�½þÝÚßÝ�F1®
�, �)�Ñ��¹Xã 3 ¤«.

ã 3 F1®�Ñ��¹«¿ã

3¢�¥, �½71u1�4+�¡�º�
� 1 mm×1 mm×0.15 mm, �¡�á�� GaN, Ù
ò�Ç� 2.5[5,6]. �¡þL¡u1, u�1Ì�p
d., �¸°� 20 nm, ¸�Å�� 460 nm. µC
���Ý/, Ù¥µC��ò�Ç�� 1.5, F1®
�ò�Ç�� 1.8[7]. Ó�b�F1®�â���
���¥/�â, ²þgd§91�Ñ���©Ù
d Mie Ñ�nØû½ [8−10]. 71u1�4+�u
�1ÌXã 4 ¤«; F1®�u�1Ì!áÂ1Ì
Ú-u1ÌXã 5 ¤«.

áÂ1Ìû½\�1�áÂ�VÇ, 1ÌrÝ
� 0 �LØ�áÂ, 1ÌrÝ� 1 �L�Ü�áÂ.

�âáÂ1Ì�½Â, ÏL-u1Ì�u�1ÌO
���áÂ1Ì [11],

Ia(λ) = Iex(λ)/(Iex(λ) + Iem(λ)),

ª¥, Ia (λ) �áÂ1Ì (áÂVÇ�Å��Cz­
�), Iex (λ) �-u1Ì, Iem (λ) �u�1Ì.

ã 4 71u1�4+�u�1Ì

ã 5 F1®�u�1Ì!áÂ1ÌÚ-u1Ì

-u1Ì£ã�´\�1�F1®áÂ�-
uÑF1�VÇ©Ù. 3 Lighttools 1Æ�ý^�
¥K^þf�Ç5L«, =�-uÑ�F11fê
�áÂ11fê�'�,

γq = Nl/Na,

ª¥, γq �þf�Ç, Nl �F11fê, Na �áÂ
11fê.

XJ\�1�Å�á3F1®�-u1ÌS,

�
UþÒ¬�=�¤F1uÑ, ¤uÑF1��
�ò´�Å�. k
\�1��áÂ, §�ò3F
1®âfL¡u) Mie Ñ�, UCÑ���. �´
XJ\�1�F1®áÂ�Ø-uF1, Uþò
¬=�¤9þ��K, ù«�¹3 Lighttools 1Æ
�ý^�O�¥Ò7L^F1®��ÑáÂ5L
«, Ï~^F1®ò�Ç�JÜ5ïþù��Ñ
���.

3.2 FFF111®®®ßßßÝÝÝéééÑÑÑ���AAA555���KKK���

�½F1®âfâ»ØC, F1®��þÝ!
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/GØC, UCF1®�ßÝ, *	3ØÓßÝe
x1u1�4+�'Ú§ Tc �Cz, Ó��	Ñ
�1�©Ù�¹, ��c��Ñ�1��'Ú§Ú
Uþ�F1®âfßÝ�Cz'X­�Xã 6 Ú
ã 7¤«.

ã 6 ØÓF1®âfßÝec��Ñ�1Ú§�Cz

ã 7 ØÓF1®âfßÝec��Ñ�1Uþ�Cz

òÂ8��1�©¤c�1Ú��1üÜ©,

�u1�4+�\�1Uþ� 1. dã 6!ã 7 �
�: �XF1®ßÝ�O\, u1�4+uÑ�7
1�áÂÚ=�¤�Ú1�VÇÅìO\, ¦��
ª�Ñ1Ú§ÅÚü$, Ó�1�Ñ��^��\
r�, c�1ìì~�, 
��1KØäO\. �F
1®âfßÝ� 6000 mm3 �m�, c��1U�
Ó. UYO\ßÝ, K��1�uc�1, ��ªu

ÓoUþ� 52%�m (du�«�Ñ¦�o1U�
u 1).

c��1�Ú§Czª³�ØÓ. c�1�F
1®ßÝ~�
:ìO\, 
��1KÄ�ØC,

����1Ñ��1éu71Ú�1���Ó, Ï
d��1Ú§­½.

þãÑ�A5éu1�4+�µC�'­�.

3¢S�µC¥, o�Ñ1´c��1�oÚ, Ï
dé��1�?nØ='X�Ñ1��Ç, Ó��
K�Ñ1�Ú§©Ù, ù�´E¤u1�4+�m
ÚÝØþ!����Ï.

3.3 FFF111®®®ÑÑÑ���AAA555éééxxx111uuu111���444+++111
ÏÏÏþþþ���KKK���

3F1®�âßÝCz�L§¥, �XF1®
�âßÝ�,p, u1�4+1Ïþkþ,�eü,

Ì��Ï´3F1®�¥�31�Ñ�Ú-uü
��^. �XF1®�âßÝ�,p, -uÑ��
1Oõ, 1Ïþþ,, � Mie Ñ��Ó�Or, Mie

Ñ�¬E¤_\�1���1�Oõ, ��1��
��. ��âßÝ���, -uåÌ���^, �X
F1®�âßÝ�O\1ÏþO\. �F1®�
â���½�ßÝ�, Mie Ñ�åÌ���^, �
XF1®�âßÝ�O\E¤1���, 1Ïþe
ü [12].

�©ÛF1®�â»éx1=��Ç�K�,

K3UCF1®â»�Ó�, 7LÓÚUCF1®
�âßÝ, ±�±Ñ1�Ú§ð½. �dæ^�"
`zO��{, òÚ§��8I¼ê, �½� Tc0,

F1®�âßÝÝ��Cþ, Ó��½�ÂñØ
� ε, O�ØÓâ»eØÓâf�Ý�U����
�1Ïþ. O�`zµãXã 8 ¤«.

ã 8 ��1ÏþO�`zµã
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F1®ò�ÇÏ~L«� n = n1 + in2, Ù
¥ n2 �F1®ò�Ç�JÜ, §ò��K�x
1u1�4+�=��Ç. ·�O�
ØÓ� n2

�éÑ1�Ç�K�, d��½F1®�â�»
� 10 µm, F1®�â�ßÝ� 6900 mm−3, ¤�
(JXã 9 ¤«.

ã 9 F1®ò�ÇJÜéÑ1�Ç�K�

¢S�F1®¤E¤�1U�Ñ�á��A
5�', ØÓ¤©Úó²�F1®¤E¤�1U�
Ñ�ØÓ, �A/Ùò�ÇJÜ�AØÓ. ÏLé
ì¢���ýO�¼��Ñ1�Ç�êâ, �±(
½z«F1®¤E¤�1U�Ñ��. ¢�¥¤^
�F1®�ò�ÇJÜ n2 ≈ 0.0012.

x1�Ñ1�Ç�¢S�µC(�k���
'X. 3nØþ, â»�ØÓ¿Ø¬E¤=��Ç
�Cz, �du Mie Ñ��^��3, ¦�-u1
�c��©ÙØÓ, 
��13DÑL§¥¬�)
����Ñ, Ì�kµC(�.¡�áÂ�Ñ!u
1�4+�¡L¡9SÜ��ÑÚõgB�F1
®���Ñ, l
��K����ì��Ñ1�Ç.

Ïd, 3©Ûx1�Ñ1�Ç�Ò7L�¢S�
µC(��'é, K�Ï�ká�L¡����á
Â!F1®��þÝ!F1®�æC/G�. ØÓ
�µC(�¬é1��O��5�½�K�.

ã 10 �.F1®æCx1u1�4+�µC(�

ã 10 �Ñ
�«;.��.F1®æCµC
(�. ��Ä.á����L¡�pdÑ�¡, á
Â� 10%, ��� 90%, ��1¥ 20%�º¡��,

80%�pdÑ�, pdÑ����� 25◦. F1®þ
Ý�� 0.1 mm, UCF1®�â»�ßÝ, 3F1
®â»ØÓ�, x1�Ñ1�Ç�ØÓ, ã 11 �Ñ

â»�Ñ1�Ç�'X.

ã 11 ØÓ�â�»eÑ1�Ç� Tc �Cz

dã 11 ��, ØÓâ»eÑ1�Ç�Ú§ Tc

�Czª³�Ó, kþ,�eü. �F1®�â�
»� 0.5 µm �m�ò¦x1u1�4+¼���
Ñ1�Ç. ù´Ï�3F1®-u� Mie Ñ�Ó�
�^e, ØÓâ»äkØÓ� Mie Ñ�1r©Ù,

â»��, c�1�r, â»��, ��Ñ��¡¬
O\, F1®�1áÂÚ-u�^O\, ���Ñ
��O\¬\�3u1�4+�NS�áÂ�Ñ.

ùü«�^3�½^�e¬��²ï, ¦u1�4
+1Ïþ����.

ã 12 F1®�â�»��pÑ1�Ç9Ú§ Tc �'X

ã 12 ¤«�F1®�â�»��p1��'
X±9��1Ïþ¤éA�Ú§ Tc �'X. ØÓ
�â�»�F1®����1���'Ú§�Ø
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Ó, �F1®�â��»3 0.1—4 µm �, ����
1�� Tc Ä��Ó, Tc ≈ 4000 K, 
éu8c~^
��â�»� 10 µm �F1®, ����1�� Tc

� 6000 K �m.

duF1®�â»����K�Ñ��^, Ï
d7,¬éu1�4+¥71��1�·Ü�^
�)K�, �Ò¬K���x1u1�4+3�m
���ÝÚÝ���5. 3d·�½ÂÑ�1��
�¡�{� y ¶�Y� θ �Ñ�� (ã 10), �	Ñ
�1��Ú§�Ñ��Ý�Cz. ¢�¥|^ØÓ
â»�F1®?1�mÚ§þ!5ïÄ, ÙcJ´
�¦²þÚ§Ä��Ó, æ^þã�"`zO��
{, ��ØÓâ»��²þÚ§� 6000 K, (JX
ã 13 ¤«.

ã 13 �mÚ§©Ù�F1®�â²þ�»�'X

lã 13 ��, �mÚ§�©ÙÑ¥yÑ�Ó
�5Æ, =÷u1�4+{��� (θ = 0◦) Ñ��
1�Ú§�p, �XÑ��ýé��O�Ú§Åì
ü$. Ó���±wÑ, F1®âf��, �mÚÝ
���5��Ð. ù´du�XF1®âf�»~
�, Mie Ñ��^\r, 3k�þÝ�F1®�¥u
1�4+�71Ú-uÑ��1·Ü��¿©, ¦
����Ý�1Úªu��.

F1®æ�þÝéuÑ1��mÚÝ�þ!
5�kXé��K�, �dO�
3ØÓF1®
æ�þÝ�x1�Ú§©Ù, O�¥�x1u1
�4+�²þÚ§ Tav ��½� (¢�¥� Tav

� 6000 K), F1®âf��»� 0.4 µm. O�¤�
(JXã 14 ¤«. �±wÑ, F1®æ�þÝé�
mÚ§�©ÙK���, 
�üö�m¿�¥�5
'X. ½Âx1��mÚ§þ!Ý�

σK = (Tmax − Tav)/Tav,

ª¥, Tmax ��m��Ñ��ÝÑ�1¥���Ú
§, Tav �²þÚ§. dd�±��ØÓF1®æ�
þÝéA��mÚ§�þ!Ý, Xã 15 ¤«. ��
�æ�þÝ� 0.8 mm �m�, ã 10 ¤«��.æ
CU¼��Z��mÚ§þ!Ý.

ã 14 �mÚ§©Ù�F1®æ�þÝ�'X

ã 15 �mÚ§þ!Ý�F1®æ�þÝ�'X

4 ( Ø

µCé�õÇx1u1�4+�5U�Æ·
åX�'­���^. �©�â Mie Ñ�nØ, Ï
L^��ýO�
F1®�â�»é1Ñ��^
�K�, ©Û
c��1�'~�Ñ��'X. ï
Ä¥¤æ^�ì�-u1ÌÚu�1ÌÑ�á�
�¢ÿ1Ì, 
¿�b��ü�1Ì, l
U
ý
¢/�N1��^L§. ïÄL²: F1®�â�
�éx1u1�4+1Ïþ�K���, Ì��Ï
´â»���¬��K�1�Ñ�A5, â»��,

Ú§�$, Ñ��^��r, ��1'~��, 
�
�13äNµC(�¥�DÑ�Ñò¬��K�
ì���NÑ1�Ç. éuþÝþ!��.µC(
�, �âf�»�� 0.5 µm �x1u1�4+�
¼����1�. éuØÓâ»�F1®, ���
�1���ZÚ§�k¤ØÓ, �¼��$Ú§�
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x1u1�4+, �À^�â���F1®, 
é
u 5000 K ±þ�pÚ§x1u1�4+, KAÀ
^�» 5 µm ±þ�F1®, ù�(J�¢S�¹
�Î. F1®âf�ºÝéx1��mÚÝ��5
k���K�, F1®âf��, �mÚÝ���
5��Ð. F1®æ��þÝé�mÚÝ��5�
k���K�, éu�½�µC/ª�3���Z

�æ�þÝ�. XJ�´æ^
�/æC�y
F
1®æ�þÝÚâfßÝ�þ�n�G�, 3ù«
�¹eeF1®âf�»Úæ�þÝÀJØ�, Ó
��Ã{��n���m�ÝÚÝ. �©ó�éu
U?Ú`z�õÇx1u1�4+�µCó²ä
k�½�¿Â.
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Research on scattering properties of phosphor for
high power white light emitting diode based on

Mie scattering theory∗

Qian Ke-Yuan† Ma Jun Fu wei Luo Yi

( Graduate School at Shenzhen, Tsinghua University, Shenzhen 518055, China )
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Abstract

Based on Mie scattering theory, the phosphor particle’s scattering effect were simulated including light excitation and absorption.

The light intensity proportion changes of forward and backward scattering light with different white light emitting diode (LED) color

temperature were calculated. We also analyzed the phosphor particle size effecting the luminous flux of white LED and light color

distribution of angle. Devices’ excitation and emission spectrums used in our simulation were real measured spectrums of the material,

rather than assuming a single spectrum. Our investigation discloses that when a conformal phosphor layer was adapted, phosphor

particle diameter of 0.5 µm, makes maximum luminous flux and phosphor particles smaller, light color distribution of angel is better.

While for given package structure, the best spatial color uniformity can be achieved with a phosphor layer thickness of 0.8 mm.

Keywords: package of high power light emitting diode, phosphor, luminous flux, light color distribution
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