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Abstract: TiO2/Ag/TiO2 nano-multilayer films with good spectrally selective transparency

were prepared by magnetron sputtering. The X-ray diffraction (XRD), UV-VIS-NIR spec-

trophotometer, Scanning Electron Microscopy(SEM), and Fourier Transform Infrared Spec-

troscopy(FTIR) were used to characterize the films. The preparation conditions were optimized

and the optical properties of the multilayer films were investigated. The optimum thickness of Ag

thin films was determined to be 12nm for high optical transmittance and good electrical conduc-

tivity. A high quality nano-multilayer film with a high optical transmittance of 93.5% at 555nm,

a high reflectivity of 90% at infrared wavelength and a low infrared emissivity of 0.2 in 8µm ∼

14µm wavelength range was obtained. It is found that the increase of the thickness of Ag can

narrow the high transmittance range. The thickness change of both outer and inner TiO2 layers

can influence the intensity and position of the transmittance peak. The influence of the outer

layer is greater than that of the inner one.
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1974 ` Fan n�#a�ju�%:g44:�;ÆAlw�OPkuHlw�O /�% / w�O (D/M/D) �:U;^_-�M�% U4�m0vl�Æ^i{6xB8lo7[1] �/I D/M/D �:UeNBSlpDI�ÆA�U�2����
TiO2/Ag/TiO2 YK�:U��ST�l

D/M/D�:U�Ag4�m0vl\"n& 5%4DI+�l�ÆAB�� TiO2 lja"�l
2p a,HhaW��gl 3d a�a!�!
(1N 3eV) ��m0bJ-\"���#�l;ÆA��ex{ TiO2 lF��� TiO2 _~M=�~Ml�Æ0�����Æ`�lB8A__9��X�:U#�l�m0B8A=plDI�ÆA [2,3] �u=S�U~4sY*1�e�Ea ℄l50y�R����#ot�Æ+AN 10µml S�Æ#o�
SMl!~x_mi{_Q�le��XI=S�:U4��M#2�l�F.��&DI���{_0-�BSw℄=~�Æ�n�"&��qÆ�SPd�P}�Ag U��N�^ Ag UF�\��|�MnW:��qÆ
M� TiO2/Ag/TiO2 YK�:U45℄b#�jI#6.& ITO/Ag/ITO �:UV��>�B~&M�l TiO2/Ag/TiO2 YK�:Ulx_l�j [4] &I#=&�:Ul'�N�>f�45I=S�:U�8���`l�������z��Xp��l~u����:UP℄4lW�W:a�?�K AgU4M�=Ik��P-$hP�W&qÆ Ag kil�:U��oQ�!l4�~=o_ AgSa�V��NPdA	nuhP�Ule���XAg UlI:#�:1Rl�bf:��K�bf:x��l29� NiCrO4 F�N
1.5nm3#B;l�N|=Yqx_�s\"ABp-S�h�Ul0|x_�& 3l�S29� Ti lWS���NY3_#obH

I~� Ag l��dj �4 [5,6] 9��Ul[Hx=Yqi'x�H!l�F#T����>8��9PM��:Ulh'�=oM�Pl TiO2/Ag/TiO2 �:U�#�l�m0B8A=plDI�ÆA�����8�U7'��m0B8A�P.DI�ÆA^DI�ÆAl�h�
2 h�(&{�*1 (25mm×25mm×1mm) eN!�W�Wa�t)℄Æ}I4b<-'(�);[!N 7:3 lT���Pi~V� 15 �RxPI�y(℄)�wN℄34(?�X)�TP�C�+t℄ 10 �RI�y(℄)N℄C���UM�4P�/���|ÆnB�>l
JGP–350Ct��U�qÆÆ��w�JYWr>�OJ 8×10−4Pa'eo~N 2Pa�TiO2 �U5�F>qÆ TiO2 7W�M�qÆw>w~N 0.06A/360V� Ag UM�5�ÆeqÆqÆ)AN 70W �5�� )| (Rigaku) **l D/max–

2200pc t^{ X Æf�ÆÆki� Ul X Æf�ÆDi�-� HL– �t*℄0L�=
XL–30FEG t�Ow�ki�Ul%MuG��UlBÆi� Lambda–9 t\I / �m / �DI (UV/VIS/NIR) �00�d96DI�Æi
(400cm−1

∼ 7500cm−1) � FTS3000 t�,
DI0iÆ9kDI�ÆA��#SY)1�Ml HWF–1 tDI!�ÆA96Æ�w96�� wb� D41–3 t+6�wbA9!Æ96��UF�-� DEKTAKII t α 4zÆ96)|��k'UFlfx.^G.kP�
3 A1�lR
3.1 �h�xN8M��#3;0|x_lYK�:U#a�<8M�=o� TiO2 �UL/|,8'��U|�K�l�h�D 1 NWS
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�200
= 250
�M�l TiO2�Ul XRD i�"D 1 �DeWS�xp� TiO2 �U���5�I#eWS�n&V�& 250
�4�Uk|�K�x;l TiO2�U�D 2 $P4WrS��'N 220 
� 170
�120
l=o_M�l TiO2/Ag4:UlBÆ0iwf�x�WS�_D[l TiO2 '{I3qÆ Ag kil4:Ul�m0B8A�&xpS�_M�l4:U�|�D 1l|7^g.)DDj=��N��|,#-&�m0lB8 [7] ��� TiO2 lM�=o�I�<8 Ag UlM�=o�

E 1 .AXdT�`N�m TiO2 �Vm XRD j

E 2 .AGsT�`N�m TiO2/Ag 5;VmC�j

D 3 �WriS 220 
 (a) =-iS (b) �qÆ4 TiO2 �U�lF�N�bYKl Ag Ul%MuG����PiS�D[l Ag U�/FN 100nm ∼ 200nm��-iS�F�N 40nm d$�p<4iS8KP Ag �/��a�l%Ml[8�7_0l�Æ7q�m0lB8A_v (DC) �s Ag Ulhwx_`�_v='Ue [8] lg.�j�K�
E 3 .AGsT�`N�m Ag Vm&NvH�X �� TiO2/Ag/TiO2 �:UP℄I4: TiO2 �UlM�|�4WriSl=o_�wl� Ag U�4Wr'{J S�M�l�

E 4 .AG�m Ag Vm&NvHD 4 �qÆ)AN 65W �D[�k�'N
1min � 1.5min � 2min �kil Ag Ul%MuG����PD[�kN 1 �R�UMgC
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Ag <��KzuHd�"X��%MwbB_�UJ\	�D[�kN 1.5min � Ag�/gL2yHMd���/<i#+j℄4� wbN 5.6Ω/� �D[�kN 2min �%MuH!x2zl_M[ Ag U� wbN
4.8Ω/� I4"�U�J%	�%�Ue�j=��|7�D4x��k℄�lqÆ,AS\�D[UlH<e��
UlVzx [9] �4 ��P��09�8qÆ)A0�8�k��8 70W Æe)AD[�kN 1min d$�
3.2 qjumn�~{so~{l	�4 TiO2/Ag/TiO2 �:UPAg :lF�m.nle��e Ag :lF�n& 10nm � AgJgZ�/�-�_M[t|�H�%U-hwVwb8_X
�dplDI�ÆA [1] �4
10nm ∼ 30nmÆM℄)D�/[ AglF�l7i�m0vlB8A_v�m^DIl�Æ7i [10] �D 3N TiO2/Ag/TiO2 YK�:Ul�m��DIBÆ0i^DI (400cm−1

∼ 7500cm−1)

45◦ �Æiwf�U:|,N�℄: TiO2 lD[�kN 10minF�N 60nm �I:l TiO2 D[�kN 6min F�N 36nm Pk Ag :lD[�k�'N 40s � 50s � 60s � 70s � 80s UF�'N 9nm � 12nm � 14nm � 16nm � 19nm �"D 3 PlBÆi�De Ag UlF�N
9nm ��:U4�m0vlB8A! Ag UF�x_�R�p='Fy4*1Fr�M� Ag Ul|7-��*��_�e��M�
Ag U� Ag l62 Ag U2��Æ2�B8A2���M�H�:|,I�&�A2zx;l Ag U TiO2 l7Be��;^4�m0v^i�lB8A��& Ag �/JgZ�/l�U"&�UF�)-3ChP8�Æ0�� TiO2 �Ul7Be�l��e Ag UlF�^ 12nm I/[ Ag :F�fz7iJ 19nm �m0�B8AZ 94.5% _vi 87.7%��B8�l�+�l�#{" 588nm $NJ 550nm _�%d4BÆi�

��m0l�B8A+�$8�ZDI+��Æi�D Ag UF�N 9nm �"& Ag l2zxx=DI�ÆAxp�N 40% �e AgUlF�^i 12nm I/[ Ag :F�7iJ
19nm g��ÆAZ 85% Up7ii 95% �4DI�ÆiP 2300cm−1

∼ 2400cm−1 Rl\"a� Ti–OnlA{\"3500−1
∼ 3900cm−1 =

1300−1
∼ 1900cm−1 v)N5��Xov)�4�dpDI�ÆAlp9_N��m0lB8A_��{�F�N 12nm l Ag:��<8℄:=I: TiO2 F��BÆi=�Æil�h�

E 5 Ag ;G���;VC�j>�jm�iD 6 �4I: TiO2 F� 48nm= Ag UF�
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12nm-$lu"_℄: TiO2 lF�$N��:UBÆil�h����P/[ TiO2 F�l7iBÆ�lQLZ 636nm$NJ 655nmIi 612nm�m0�B8AZ 83.6%��J 91.7%I_vi 89.6%|�a7_Ilnd$N��-_4℄: TiO2 F�N 48nm�Pd_G�℄: TiO2 F��$�DI�Æi (C) bJX�hg��ÆA4 90% �D 5 �℄: TiO2 F� 48nm = Ag UF�
12nm�M-$lu"_I: TiO2 F�$N��:UBÆi��Æil�h�

E 6 ^; TiO2 G���;VC�jm�i���PI: TiO2 mi8x;l7Be�eF�n& 48nm �/[ TiO2 F�l7iB8AZ 70.1%_��9�i 92.5%B8�lQLlA+�l{Z 480nmJ 633nm�eF�_& 48nm�/[ TiO2 F�l7i_B8A$N-_I�Z 92.5% _vi 90.9%

(�_�N TiO2 7F8) �B8�lQL�lA+�l{�eI: TiO2 F�N 72nm�B8�4 744nm R�=Sdm��_Ml)D$}�":Ull�Æ*)�De�UF�';ÆAEa n × d = λ/4 (n N7B29l;ÆA) ��Æl�B8A__9� [10] 1�4�Ml��P"& n W -$/[ d $_
λ $_aB8�lA+�l{�ZDI�Æ

iP��DjI: TiO2 F��DI0i#�z�h!l�e TiO2 F��N 12nm�DI+�lg��ÆA�N 50% d$�/[ TiO2 F�l7i�:U�ÆA7i7J 48nmI�ÆA$NBn�TiO2 F�N 72nm= 60nm��:U4DI0vl�Æi#1�Ty�=�dm'Ue [2] P�jlDI�ÆAI' Ag :F�#.#pP�����[=1KR�"&l2*�=#b��0���

E 7 J; TiO2 G���;VC�j>�jm�i
3.3 t���D 8 � TiO2/Ag/TiO2 YK�:UlDIHjD�7l�	�S�N 50 
li~v�HjQ�N_oQ��DP,ul7:Y��w
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6 �& 1	3( 2005 -�P#�#��uD�N%M~#pDI�ÆAl TiO2/Ag/TiO2 YK�:U�f�4S�g�lu"_�ÆA2�DIHj7�2y��	��ÆA2pDIHj7�2y��#7:Y��:�U4 8µm ∼ 14µm+�lg�DI�ÆA (ε) _1�|Bp�N�U4X+�l�ÆA�\"Ap1��ÆA�Bp�e AglF�Z 9nm $Ni 12nm� ε Z 0.64`�_vi 0.15 �F�37i� ε I#S_v�℄: TiO2 F�l$N� ε �hBn�4I: TiO2F�N 12nm ��:Ul ε N 0.41 �F�7iJ 24nm � ε vJ 0.18 �F�37i� ε l$NBn�̀ E ε l$N3�'DI�Æi�K�

E 8 qEJ	�B TiO2/Ag/TiO2 ZL�;VmEJIkE��5�+6�
968!�l� wb|7�d TiO2/Ag/TiO2 �:Ul� wbBn_1N 2 ∼ 3Ω/� ��:UP#:F��� wbl�h' ε l$N3��K�
4 AR

1. -�F>U�qÆ TiO2 7W�=ÆeU�qÆ�%��M�8�#�l�m0vB8A=plDI�ÆAl TiO2/Ag/TiO2 YK�:U��U �l�m0B8A��^ 94.5%

555nm +AR�^ 93.5% �DI+�lg��ÆAN 90% d$�DI�ÆA (8µm ∼ 14µm)

ε < 0.2 �
2. e Ag UlF�C8 12nm ��:U4�#�l�m0B8A= 3lhwx_ AgUlF��0i�h_3l7i��m0�B8A+�$8B8A_vDI�ÆA7i�I: TiO2 F���:Ul�m0B8A�hx_�3l7_��UlBÆ�lA+�l{��GaX7_I%CLlnF�N

48nm�Jd_G�℄: TiO2 F��0i�hn���>8x{ Ag U= TiO2 U:lF�4�zÆM℄x{B8+��iz��
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