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�©�éçÚÈ1� (color filter, CF)7C�¬ (liquid crystal on silicon, LCoS)�w«ì� (microdisplay)¥��

.çÚ��ïá
n�1Æ�.. ù�n�1Æï�Ì�©�n�L§, =çÚ�¬ì��Å>A5©Û, |^*

Ð dÝ
 (extended Jones matrix)O�ì��1��Ç, ±9æ^IO RGB(standard RGB, sRGB)�Æò CF-LCoS

�w«
�¥���:�1��A5��¤çÚã�. ÏLþãL§ïá�n�1Æ�.^u CF-LCoS�1ÆA

5ïÄ¿�¢�êâ?1'�. '�(Jw«, �[��� CF-LCoS�w«ì�1ÆA5�¢�(J�~ÎÜ.

'�c: çÚÈ1�, 7C�¬, �w«, n�1Æï�

PACS: 07.07.Hj

1 Ú ó

çÚÈ1�7C�¬ (color filter liquid-crystal-

on-silicon, CF-LCoS)�w«ì´�«#.��w

«ì� [1,2]. §òçÚÈ1�8¤3DÚ� LCoS

¡�þ, ¦�w«ì��Òä�
�çÚw«�

^�. §äkü�`:. ��¡, �DÚ� LCoS�

w«ÝK�� [3,4] �', CF-LCoS�w«ì�¤

éA�ÝK1ÆXÚ�O�±�Ì{z. Xã 1

¤«, §�IA^�� �©1cº (polarization

beam splitter, PBS)Ò�ò�å �1 s \�� CF-

LCoS �w«ì�, ²L�w«ì�� �N��

^, d �1� �G�ò^= 90◦, ¤�Ñ� 

�1� p. p 12ÏL PBS ÚÝKºÞ, �ªÝ

��w«¶4þ. ,��¡, duæ^
�mç

Ú{, CF-LCoS�w«ì��ó�ªÇ�±ü$

� 120 Hz;DÚ��w«ì�, duæ^�´�

SçÚ{, Ùó�ªÇ��3 360 Hz. ùÒk��

ü$
 LCoS�w«ì���AªÇ, lJp


§�)�û¬Ç.

·�~����¬N+�¬ì� (thin-film-

transistor liquid-crystal-devices, TFT-LCDs)�çÚ

È1�´��3ú^>4Àæ¡�þ. ù¦�ç

ÚÈ1�Ú TFT kÝ
3�¬ì�µC��)

éO �. du TFT-LCDs ���º�3 300µm

�m, ù�éO �´�±N=�. ,, CF-LCoS

�w«ì����º�=� 10 µm �m, XJ·

��òçÚÈ1���3ú^>4Àæ¡�þ, Ù

éOú�¬¦w«x¡�)Ú�. �
)ûù�

¯K, çÚÈ1�Ò7L����3 LCoS�w«

ì����>4þ, Xã 1 ¤«. du3�¬ì�

���>4m\\ý�á� (çÚÈ1�), ù¦�

�¬ì��1>A5u)UC, AO´Ùý�|�

A (fringing field effect)Úå�çÚ¦1. w,, �


ïÄd¯K¿`zì�5U, CF-LCoS�w«ì

��n�1Æï�äk�¿Â.

�©3n��[(�¥\\
çÚÈ1�, §

����ý�á�Ñy3�¬á����>4�

m. ·�òn��.�1Æ©ÛL§©�n�Ü

©: Äk´�¬ì��Å>A5©Û, §3Ý/�

�¥é�¬á���¥ëê?1ê�O�; ,�æ

^*Ð dÝ
 (extended Jones matrix)O�çÚ

��3��1Ì��S�1��Ç; ��, ·�ò

�����1Ì=�� CIE(ISì²�
¬)1931

çÚ�m¥�Ú�I, ù��±k�/�þì��

ÚXÝ. ¿|^IO RGB(sRGB)[5] �Æò��
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��1��A5��¤çÚã�. ù�Ò�±��

�.çÚ��¥�çÚ>��Aã. A^ù«n�

�., ·��±|^�ý�ªé CF-LCoS�w«ì

�?15U�[9`z.

s

CF-LCoS

PBS

p

ã 1 CF-LCoS�w«ìÝK1Æ(�ã

2 �¬ì�Å>A5©Û

ïán�1Æ�.�1�Ú´�¬ì��Å

>A5©Û, Ù8�´���¬ì���¥�	\

>|�¼ê'X. �¬��¥�±ÏLéÑt�§

?1ê�¦)Úæ^Åg�tµS�{ (SOR)é

ëY�§?1ê�¦)�� [6,7]. Ñt�§£ã


>³©Ù V (x, y, z) �éu�¬ì���É50>

~ê�©Ù'X, ÙäN/ªXe:

∇[ε(x, y, z)∇V (x, y, z)] = 0, (1)

Ù¥ ε(x, y, z) ´�¬ì�0>~êÜþ, §�©

þ εij(x, y, z) �±L«¤

εij(x, y, z) =εvδij + (εp − εv)

× ni(x, y, z)nj(x, y, z), (2)

3�§ (2) ¥, δij ´ delta ¼ê, εp Ú εv ©O´

²1ÚR�u�¬��¥�0>~ê, ni Ú nj

©O´�¬��¥ n ÝK�i¶Új¶þ�©þ,

i,j´x,yÚz¥�?¿ü�. n��¬��¥ n �

±ÏL¦)e�ëY�§��:

γ
∂ni

∂t
=

d

dj

[∂(Fs − Fe)

∂(∂ni)/∂j

]

−
∂(Fs − Fe)

(∂ni)
, (3)

Ù¥ γ ´^=ÅÝXê, Fs Ú Fe ©O´�5Ú·

>Uþ�Ý¼ê [8], §��±©OL«�

Fs =
1

2
K11(∇ · n) +

1

2
K22(n · ∇ × n + q0)

2

+
1

2
K33|(n ×∇× n)|2 (4)

Ú

Fe = ε0E · εE, (5)

Ù¥�¬��¥ n = [nx, ny, nz], q0 ´^1�,J

ßÝ, E ´>|¥þ, K11, K22 Ú K33 ©O´�¬

á��Ðm!ÛÚ�Xê.

·�ò�¬ì�Å>A5©Û©OA^uü

ÚÚçÚ�¬ü��n��[(�¥. üÚÚç

Ú�¬ü��¿¡ãXã 2 ¤«. ùü«�¬ü

�Ñáu·Ü.Û��� (mixed twisted nematic,

MTN) (� [9], XJ·�±���>��ÄO, �

¬ì��Û�Ý� 90◦, å ì�Ý� 20◦, ý�

�Ý� 2◦, �Þ�Ý� 45◦. 3�[¥, duÀ^


�I Merck )���¬á� MLC-6043,·�ò�

¬Ýþ�O� 2.5µm, l�� 0.1�1Åò´.

0.0
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z
/
m
m

z
/
m
m

ã 2 �¬ì���¥3>|�^e��[(�¿¡ã (a) ü

Ú; (b) çÚ

�â CF-LCoS�w«��ü��±Ï5, ·�

b½3�[(���!m>�, Ù�¬��¥!>

³±9§�����êÑ´ëY�. ù´¦)�©

�§�Y²>�^�. 3R���, çÚÈ1�Ú

�¬á�3Ù�.¡þ�> £´ëY�. ,	,

·�b½�¬á���Þ����m�3re½

³U. çÚÈ1��0>~êÚ>{Ç�±ÏL¢

�ÿ� [1,2], ÙþÝ� 0.75µm. ù�, ·�Ò�±

�â±þ^�8Ü¦)�©�§, �ª�[ÑçÚ

�¬ü��Å>A5.

3ã 2 ¤«��[(�¿¡ã¥kn�>4.

3ºÜÀæÄ�þ�ú�>4, Ù>Ø�±3ð

½ 5 V. .Üü���>4�>Ø3 0—4 V �mC
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z, ��ú�>4���>4�m�3 5—1 V �

þ��>Ø. ·�^v�=�ªé�¬ü�?1

°Ä. ���=Ú1�=�', v�=°Ä�ª�

±�����>�>|�A. 3üÚ�w«ì�

¥, ù���>�>|�±��Ñ, Ï�3üÚ�

w«ì�¥, >�>|�UC������½V�

«��¡È, ØK�ì��N��ÝÚé'Ý.

�´3 CF-LCoS�w«ì�¥, du����ô

Ú�ØÓ, v�=°Ä¥�>�>|�AKØ�

±��Ñ. ù´Ï�, ������½V�«�¡

È�Czò��ôÚ�³¿ò��ü$w«ì�

�Úç�ÚÝ.

3Å>A5©Û¥, �¬ì��²þ©¤ 50

� �. ¿ �, · � ò � [ L § ¥ � S � ú � �

� 1.0 × 10−6. 3ù
ëê^�e¦)�§, �

��¬��¥Ú>³�Âñê�(J. Ó�, du

>|´>³©Ù�KFÝ, ·���±���¬�

¥�>|©Ùã. �[���n��¬��¥�¿

¡ã®²I«3�[(�ã 2 ¥. .Ü��>4©

O� 4 V Ú 1 V, ^±3v�=°Ä¥�)���

ý�>�>|. duÜ©	\>ØÑÑ3
çÚÈ

1�þ, ý�>|éçÚ���K��uéüÚ�

��K�. ùL²çÚü��üÚü��'k�î

�>��A.

θ
−θ

ϕ ϕ

ã 3 CF-LCoS�w«ì�1��Ç©Û�.

3 1��Ç©Û

²LþãÅ>©ÛL§, ·��±���¬

��¥�n�©Ù. ,	, ÏLçÚÈ1��1

ÆA5ïÄ, ·��±��§�1Æ~þ, Xò�

ÇnÚ�1Xê k[1,2]. k
ù
Ä:, ·�B�±

ÏL*Ð dÝ
 [10], 3��1��S?�Ú©

Û CF-LCoS�1��Ç.

Xã 3 ¤«, �
{z��ª�¬ì��©Û

E,Ý, ·��±r§À���ß�ª�¬ì�Ú

����º��ß�ª�¬ì��|Ü. 3ùü�

�¬ì��m, ·��\����Ó5�!áÂª

çÚÈ1�á� [2], �ÙþÝ���ªì�¥çÚ

È1����.

3.1 ���¬¬¬ììì���111ßßßLLLÇÇÇ©©©ÛÛÛ

�Å>A5©Û�éA, 31��Ç©Û¥,

·�ò�¬ì�©¤ 50 �äkVò�A5��

�. 3z���¥Ù1¶B�±�À���½�.

?, T���¬á�B�±�À���äkk

�þÝ��Y3ü�Ã�����Ó50�¥�

ü¶¬N.

·�ò\�1©)¤sÚpü� ���, ¿�
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ò�¬ì�¥�ß�1©)¤Ï~1�Ú¯¶

1� (o1Úe1) ü�|¤Ü©. 13ü¶¬NÚ

��Ó50�.¡�ò�1�, �±^XeÝ


�§L«:




E′

e

E′

o



 =





R(p, e) R(s, e)

R(p, o) R(s, o)









E′

pi

E′

si



 = S





E′

pi

E′

si



 ,

(6)

Ù ¥, E′

si Ú E′

pi ´ Ñ \sÚp� þ � > | Ì Ý;

E′

o Ú E′

e © O ´ ü ¶ ¬ N ¥oÚe� þ � > |

Ì Ý. R(p,e), R(s,e), R(p,o) Ú R(s,o) © O ´ �

þp�e, s�e,p�oÚs�o� = z X ê. · � ½

Â





R(p, e) R(s, e)

R(p, o) R(s, o)



 �T.¡�Ä�Ý
. Ïd,

1�3��Ó50�!ü¶¬N9��Ó50�

¥�DÑL§�±^XeÝ
�§L«:




E′

po

E′

so



 = J





E′

pi

E′

si



 , (7)

Ù¥ J = S−1GS ´ dÝ
. E′

so Ú E′

po ©O´

ÑÑsÚp�þ�>|ÌÝ. Ý
 G ´13��É5

0�¥�DÑ�§, ÙÝ
L�ª�

G =





exp(−iK ezh) 0

0 exp(−iKozh)



 , (8)

Ù¥ Koz Ú Kez ©O´oÚe�þ3 z ¶��þ�

©þ; h´ü¶¬N���þÝ. ù�, 1�3�¬

ì�¥�DÑL§, �±^Xe�§L«:

M = JNJN−1 · · · Jn · · ·J2J1, (9)

Ù¥N´�¬ì���ê. 3�©�[(�¥, Ù

ê�� 50.

3.2 çççÚÚÚÈÈÈ111���111ßßßLLLÇÇÇ©©©ÛÛÛ

çÚÈ1�����Ó5�áÂ50�, ÙE

ê/ª�ò�Xê nCF �±L«�

nCF = n − ik, (10)

Ù¥nÚk©O´¢�¤���ò�XêÚ�1X

ê [1,2]. 1�3çÚÈ1�á�¥�DÑA5�±

^±eÝ
L«:

PCF =





exp(nCFKd) 0

0 exp(nCFKd)



 , (11)

Ù¥KÚd©O´\�1�ÅêÚçÚÈ1��

þÝ. çÚÈ1�Ú�¬ì��m�.¡�±�

À�ü���Ó50��.¡, ¿�±^XeÝ


L«:

DLC→CF =







2no

(nCF + no)
0

0
2no

(nCF + no)






(12a)

Ú

DCF→LC =







2nCF

(nCF + no)
0

0
2nCF

(nCF + no)






, (12b)

Ù¥ no ´�¬á��Ï~ò�Xê. du·�

ò CF-LCoSì���¤�¬ì�!çÚÈ1��

Úº��¬ì��|ÜN, 2\þå ìÚu ì,

Ù�N1Æ��Ç�±deªL«:




Epo

Eso



 =Po · M (−θ, φ,−∆ϕ) · · ·DCF→LC

× PCFDLC→CF · M (θ, φ, ∆ϕ)

× Pi ·





Epi

Esi



 , (13)

Ù¥ Pi =





1 0

0 0



 Ú Po =





1 0

0 0



 ©O´å ìÚ

u ì�Ý
L�ª; Esi Ú Epi ©O´Ñ\sÚp�

þ�>|ÌÝ; Eso Ú Epo ©O´ÑÑsÚp�þ�

>|ÌÝ; M (−θ, φ,−∆ϕ) Ú M (θ, φ, ∆ϕ) ©O´

1�3�¬ì�Úº��¬ì�¥�DÑÝ
. Ï

d, CF-LCoS�1��Ç�±deªL«:

R =
|Eso|

2 + |Epo|
2

|Esi|2 + |Epi|2
. (14)

3.3 CF-LCoSììì���111������ÇÇÇ©©©ÛÛÛ

Xã 4(a)¤«, 3 CF-LCoS��[(�¥, ·

�ò�w«�� (f��) Uì “¬” i/ü�, ¿�

òÉÚ��:�. 3 “¬” i/��ü�¥, f��

�º�� 10µm × 7.5µm, Ù�¤��N��º�

=� 10µm × 7.5µm. ·�b½�åäk 550 nmÅ

��1�\����
�þ¿O�§�1Æ��

Ç. ã 4(b)´ÏL�[�����
��1��Ç

Ó+ã.

· � ò ü � Å � �, � � 
 � � 1 � � Ç

3�����m?1È©, ?8�z, Ò��


3TÅ��XÚ��Ç. �1Å�3��

1Å� (400—700 nm)��SCz�, Eþã
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O�L§, ·�Ò��
 CF-LCoS�w«ì�

�1Ì�A.

�
�y�[(J��(5, ·���
��

[^� (X��º�Ú�¬�ª) �Ó� CF-LCoS

�w«ì�, ¿^w�º*	¿P¹ì�3ù!

É!7u1�4+ (LED) ©Oì�e�1Ì�A

�. �
'����5, 3�[¥, ·�Ó�æ^

¢�¥ LED ì��Ë�1Ì��ì²1?1O

�. ã 5 ¤«´�[Ú¢�¤���çÚ��
�

�1��ÇÅÌ'�ã. ÏL'�, ·�ØJuy

8�z��[(J�¢�(JÄ�ÎÜ.

0 20 20 300

5

10

15

x/mm

0 20 20 30
x/mm

(b)

(a)

y
/
m
m

0

5

10

15

y
/
m
m

0V 0V 4V

0V 4V 0V 0V

0

0.2

0.4

0.6

0.61

ã 4 (a)�[(�¥ “¬” i/f��ü�(�; (b) �[���

��
��1��ÇÓ+ã

4 �â sRGB�Æ��çÚ��

CF-LCoS�w«ì��1��Ç©Û, Ø=�

±��ì�©Û¥��üÚëê, Xé'Ý!�

�Ç�; ��±?�Ú��ì�©Û¤I���

çÚëê. ·�ÏL CIE1931çÚ�mIO [11] ò

ì��1��ÇÅÌ=z�Ú�m�I, Xe¤«:










X

Y

Z











= C

∫ 780

380

R(λ)S(λ)











(x̄(λ)

ȳ(λ)

z̄(λ)











dλ, (15)

Ù¥ λ ´1�Å�; R(λ) ´��ÇÅÌ¼ê; S(λ)

´ì²1�1Ì; x̄(λ), ȳ(λ) Ú z̄(λ) ´ CIE IO

1ÝÆXÚ¥�Ú�IéA¼ê; C ´8�z~ê,

¿�^eãúªO�:

C =
100

∫ 780

380

S(λ)ȳ(λ)dλ

. (16)

ù�Ú�Iëê�±�*�Lãw«ì��ÚX

Ý. �·�Ã{ÏLÚ�I�*�©ÛçÚ��d

u>�|�^���çÚ¦1y�.

400
0.0

0.2

0.4

0.6

0.8

1.0

1.2

500

B G R
B G R

600 700

波长/nm

反
射
率

模拟结果
测试结果

ã 5 �[Ú¢�¤���çÚ��
��1��ÇÅÌ

'�ã

(a) (b)

ã 6 ¢�*	��Ú�[���çÚ��
�ã� (a) ¢�;

(b) �[

�
ò�*���çÚ¦1y��Àz, ·

�|^ sRGB�Æò��
���m1��Ç�

�¤��
��çÚw«ã�. 3ì²1�I

O D65 1�, ù�=z�±^Xe'XªL«:










RsRGB

GsRGB

BsRGB











=











3.2410 −1.5374 −0.4986

−0.9692 1.8760 0.0416

0.0556 −0.2040 1.0570





















X

Y

Z











D65

.

(17)
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ã 6 ¤«´¢�*	��Ú�[���çÚ

��
�ã�. ·��½°ÄÚ�[^�¦üÚ�

�:�, Ù{üÚ��?uV�. ÏLé', ØJu

y, ÃØ´¢��´�[���(J, ����¥

Ñ�3�^V�. ù^V�Ò´duý�>�>|

K��)�, §�K� CF-LCoS�w«ìü�Ú

w«��XÚ�Ý, �Ø¬K�ÚXÝ. ,, 3�

���þ�!e�Úmýþ�3çÚ¦1«�, �

þ�Úmý¦1��î. ù«y��´duý�

>�>|�K��)�, §¦��A�V���

��)çÚ¦1, ?K� CF-LCoS�w«ìü�

�ÚXÝ. ·�3 CF-LCoS��OL§¥AT¦�

U`zXÚëê, ~�ý�>�>|�K�. du

¢�Ú�[(J�pÎÜ, ù`²n�1Æ�.�

ïá�±��¢�, �`z CF-LCoS�w«ì��

ý�>|�AC½
Ä:.

5 ( Ø

�©ïá
 CF-LCoS�w«ì�n�1Æ�

.. ù�n�ï��)çÚ�¬ì��Å>A5!

1��Ç�©Û, ±9æ^ sRGB�Æò CF-LCoS

�w«
�¥���:�1��A5��¤çÚ

ã��n�L§. ¿�, ·�òn�1Æ�.^

u CF-LCoS�1ÆA5ïÄ¿�¢�êâ?1'

�. '�(Jw«, �[��� CF-LCoS�w«ì

�1ÆA5�¢�(J�~ÎÜù�n��.�

ïá, �±��¢�, �`z CF-LCoS�w«ì�

�ý�>|�AC½
Ä:.
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Abstract

A three-dimensional (3D) optical model is developed for small color pixels in color filter liquid-crystal-on-silicon (CF-LCOS)

microdisplays. The 3D optical model includes an LC electromechanical analysis of color LC cells, a calculation of optical reflectance

using the extended Jones matrix, and a standard RGB (sRGB) representation of the optical reflectance in the pixel array. The simulated

optical reflectance accords well with the experimental result.
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