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. �

�Ö *�îöB �Bê~ r��ª 6Ò¢ ·�Öz �B �OW� � ¾�V�j �F� AAO¢ B�~&
. ¾�F
Ò¢ B�~V *� template Òò�B &Ë '�� AAO¢ B�~V *� AAO~ ¾�V�~ �Vf ª� �ö '
Ëj �~º ·�Öz æ>~ 'Ëj �Ò~&
. B�B AAO~ SEM &Vj Û� ¾�V�~ çã" ª�¢ {��
> ®î�, AAO¢ template� ÒÏ~� v~ *"»b� B�� Fe ¾�FÒ¢ TEM &V~� ¾�V�~ ^�f
Ú¦ ��ç�¢ {�~&
. AAO¢ SEMb� {�� Ö" *�î~ Nê¾ ·�Öz *{ �~ æ>ö V¢ V�~
�Vf ª�~ æz& ª«~² &V>îb�, B�B ¾�FÒº ï� ^� 10µm, 300~1000 º*~ «Çj¢ <�
®r� TEMb� {�>î
.

Abstract : AAO template having nano scale pores of high aspect ratio has been prepared through anodizing of alu-
minum foil in sulfuric acid electrolyte. The effect of anodizing parameters on the pore size and distribution was
also examined to obtain the proper AAO as a template material of nanowire. The surface of AAO template prepared
was observed by SEM to examine the mean size and distribution of pores generated by the anodizing and Fe nanow-
ires obtained by AC electroforming using AAO template were also observed with TEM to determine the length and
shape of them. From the results of work, it was found that the mean size or distribution of pores was influenced
significantly by the anodizing parameters such as voltage and temperature of electrolyte. Mean length and aspect
ratio of Fe nanowires prepared in the work were found to be 10µm and 300 to 1,000, respectively.
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1. B  � 

r��ª~ ·�Öz VFf JÂ �Ò¢ <º
. �� 1923
jö Ú¦ r��ª~ �^f Ë�Ïj Ï'b� çë'� r
��ª~ ��j ·�Öz �Êº VF� ��>� ®
.1) ·
�Öz ";öB ¶B'b� �WB ¾�V�j ��~º Fig.
12)" ?f �� 6� r�î�Þ(alumite)¢º çëzB �ªb
� 6Ò rJ^ ®
. �"öº ¾� ��ö &� Öë'� º
�f &�� ¾Æ� 
æ�B, �^ 
[��,3) ¾�FÒ,4-8) ¾
�«¶9) �ö &� ��& �B® ê¯>� ®b�, �
 ¾�
��ö &� *Vz�'� B�»f ãB'� jÏ.6" �·
~ *Þ� �Ò� �Ç� ;çö &� F�W r^ö î�²
'7A� ®
.10) ��� ��ÿËö �ºÚ AAO(anodic

aluminum oxide)º ;Ö ª*VöB ·�ÖzB r��ª Öz
ïb�B ��W" �OW� � ¾�V�j �F� 
�W Òò
¢º ßW r^ö �"ö î�² �«>� ®
. V�~ çã�
5 nmöB 300 nm, ̂ �& 1 µmöB 50µmræ ·�Öz æ>
¢ BÚ~� �.� &Ë~�, V�~ &êê 109~1011cm-2�

�&ê ¾�FÒ¢ B�� > ®º template Òò�
. ß® ¾
�V�
� jv' ��'�� �~ ï¯~² V~>Ú ®Ú �
OWj <º ¾�FÒ¢ *Vz�'b� B�~º �ö &Ë �
ç'� template¢ � > ®
.
*Ò ¾�FÒÏ template Òò�º AAO �öê �ª¶¾
^¢� 
�W ï� ��>Vê �
.5,11) ¾���¢ B�~V
*� template� �Ï>J� *Oö ÒÏ>º &¦ª~ *��
� ÖW�æ� Öö &� z�' n;Wj &^¢~� .� W
î� ±j¢ ~� B� &Ë� ¾�V�~ �² çã, &ê �
� r�j¢ �
. AnoporeÒ~ Anodisk?f çÏzB r��
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ª Özïf çã� ¾���~ ·¶Î"¢ &V� > ®j ò
¢ Ïª® ·æ á~�, ¾�FÒ~ B�ö ÒÏ>º nuclear
track polycarbonate membrane~ �² ï� çãf 18 nm�
��>� ®
.5,11) PoreticsÒ �öB �"ö 10 nm~ template
ï� �/>Ú ¾�FÒ B�ö �Ï>� ®b¾12) PoreticÒ~
10, 30 nm template¢ �Ï~� B�B .³ ¾�FÒ~ G;B
ï�çã� '' 36Û3 nmf 57Û3 nm&b�, B�B çãf
ª�B ¾�V�~ �²çãö ®"~&
.13) z�¾ �

template ïf ¾�V� *~ ï¯W� ÎÚæ� V�~ &êê
6Ü108 cm-2� AAO�
 �R ßW �öB Êör
. 6� AAO
¾�V�~ ï� çã" &êº ÒÏ~º *�î~ «~ 5 ³
ê, ·�Öz *{ ?f æ>¢ æz�B £² BÚ� > ®º
Ë6j <º
.

AAO~ ��f �Wö &�Bº jç «{® ;ãB :& ì
b� ¾�FÒ~ template Òò�B '7Ab�B ôf ��&
ê¯>� ®
. *�� 7öB r��ªj ·�b� ~� *~
¢ ~J"� .Vö Al2O3~ ãê[(barrier layer)� �V� �
r *{� Ïª~� � ï� �²'b� 2Z>�B �� B�
�
. � �f z× �²'� ��j &³�B �^� 
�W~
bï� >� *~& v�
. �r B�>º Ö²º Ú¦~ Al
" Ö�� î�Ú ãê[� �V� ��� ";j �� ® >
�~�B bï� WË�
2)º Keller �~ J«� J�K ®²
Aj
�æ� ®
. Keller �f ;G';~ f� ;W>� �
7�ö � B~ ¾�V�� �Ò~� V�~ æª� *��ö
V¢B ;�ê
� ~&
.
� ��öBº �Bê r��ªj ·�Öz�Ò r ·�Öz
æ>& AAO ¾�V�~ �Vf &ê �ö �~º 'Ëj Ú
Ú�~b�, 
B AAO¢ ÒÏ~� *"»(electroforming)b�
Fe ¾�FÒ¢ B��b�� template Òò�B~ '�Wj {
�~�¶ ~&
. ß® �"~ ��& ¾�FÒ~ ßWj Ö;
~º AAOö &� Úê'� ���
º &¦ª ¾�FÒ~ B
�ö .6� �ºÚ^ ®Ú, Ë�Ï" Ú¦�W bï �Wö 7
6j z Keller¾ Murphy~ .cV ��¢ B�~�º
templateÏ AAOö &� Úê'� ��& ¦�� 
;�
.

2. 
þO» 

AAOº 300µm vþ~ 99.9% �Bê r��ª(20Ü20Ü
0.3 mm)j ·�Öz~� 
�W bïj WË�B B�>îº�
� ��ö ÒÏB Al~ ®Bb ªCÖ"¢ j¾~ Table 1ö
¾æÚî
. ·�Öz¢ 
�~V *ö �Þf trichloroethylene
Ï�öB 1�* ÿn .r2 ^¿j ~� îæ~&�, HClO4f

C2H5OH~ b�Ï�b� *��î¢ Û� ��j ã��î~�
.V Özï(native oxide)j B�~V *� 0.5 M NaOH Ï�
öB ö�j 
�~&
.
·�Özº jv' çNöB £² 
þ
 B�& &Ë~
�
rJ^ ®º �Ö *��j �Ï~&º�, 1.2 M H2SO4� *�
î~ «~f ³ê¢ �;� ê Nê, ·�Öz *{ �~ æ>
¢ �.~� AAO ¾�V�~ ßWj BÚ~&
. ·�Öz �
*b� AAO~ vþ ¯ ¾�V�~ ^�¢ Ö;~&º� ¾�
V�~ ^�& 10µm� .ç>º 40ªj V&b� ~&
. 6
� AAOº widening Ï��¢� rJ^ ®º ¢¦ ÖWÏ�ö
B ¦ª'� Ï�& ¢Ú¾ çãj 9¶ > ®
� rJ^ ®

b�14,15) � ��öBê �Öj widening Ï�b� �Ï~� V
�~ ^�f bï~ Wî� ÿ¢� ç�öB çã� 
·�
AAO¢ B�~&
.

AAO~ ��º Fig. 1öB ¾" .³ r��ª" 
�W Ö
zbï Ò�ö ãê[� �Ò�
. AAO~ �« Ï'� ¾�F
Ò¢ B�~V *� template�æ� �Úæº *"�;j Ï�
~² ~V *�B � ãê[~ vþ¢ �²z�¢ �
. ¢>'
b� ãê[~ vþf ·�Öz *{ Ò�öº 10ç/V~ jN
� jf&êö ®V r^ö16) ·�Öz *{j 
�ê� ¾*
Ú 6²�B �« AAO¢ B�~&
.
B�B AAO¢ template� ÒÏ~� �ÖÆ" »Ö b�Ï�
v~*"»(10 Vac)ö ~� Æ ¾�FÒ¢ B�~&b� XRDf
TEMb� {�� > ®î
.

3. Ö" 5 �V

Fig. 2º ·�Öz *{� 15 V��, 20oC~ �Ö *�îöB
40 ª ÿn anodizingj 
�~�B V�B *~&ê~ æz�

  .
Table 1. Impurities analysis for Al foil

nitrogen arsenic copper iron manganese silicon zinc
ß 0.005% ß 0.0002% ß 0.005% ß 0.006% ß 0.002% ß 0.02% 0.005%

Fig. 1. Schematic diagram of AAO(anodic aluminum oxide)
structure2).

Fig. 2. Variation of anodizing current density according to
anodizing time. Anodizng was conducted in 1.2 M H2SO4 sulfuric
acid at 20oC and 15 V.
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. Fig. 2ö A, B, C, D� ��� ©¾" ·�Öz � *~
&ê~ æzº AAO~ �W �êf �bJB �² J '�b
� ¾*Úî > ®
. ¾r A'�f r��ª ��ö ­� �
¢� ãê[� �W>º '��
. ãê[f ¦êÚ Özï~
¢«�æ� ��öB &�� Ã&~� *~& /Ï® 6²~²
B
. ãê[~ WË" �þ r��ª" r��¾~ ¦b N�
ö ~� ��~ ¦bcc� B�>� Özbïf ïê~æ á
~� ºÆ� B�~² >� *~&ê~ 6²^& ç&'b� j
z>º�16) B'�öB ��� *ç� ê¯B
. ��� ®�¢
~² ;W>� .V *~&ê ª�(primary current density
distribution)ö V¢ *~&ê ª�& �¢~æ pb� r�"
V~�'b� &rÚ ��¢>� *~&ê& ÷7B
. *~&
ê& �>� *ööB �/>º *~f *��~ Öz >wö
~� Ï�·Ï r^ö �^� V�� �V�, V�� �Z ¶Ò
öBº î�Ú r��ª ��� �Â>Ú *~&ê~ ·� Ã
&~² >º�, C'�� �Vö ���
. V�~ �W� ¾Ú
¾�B *~&êº 6N Ã&~
& z �ç î�Ú V�~ �
W ì� V�~ p�ò pÚæº ï;�êö ��² >� *~
&êê ¢;~² Fæ>� bï~ vþò Ã&~º '� Dö
��º ©b� ��
.
�B Þ/� ©¾" AAO& <º template�B~ Ë6f *
�� ·�Öz æ>¢ BÚ~� ö~º �« ¾�FÒ~ ;ç
j Ö;ùº template¢ B�� > ®
º Ò
�
. ¢>'�
Ë�Ò¾ Ú¦�W bïj *� AAOº bï~ ãê¾ "ïW
�~ Wî� 7º~æò templateÏf ¾�V�~ çã" ^�
�Ò� &ê& &Ë 7º� ßW�
. �7 ¾�V�~ ^�º
·�Öz �*j �.~� BÚ &Ë~
. � ��öB 
þ'
b� {�� Ö" 20oC, 1.2 M �Ö *��öB ·�Öz �*
� 10ª¢ r �WB 
�W Özbï~ vþº ï� 2.5µm
&b�, 40ª¢ r ï� 11µm, 600ª ÿn ê¯>� vþº
ï� 150µmö ��º ©b� �j �*ö �~ jf~æò ·
�Öz& ê¯Nö V¢ bï~ WË³êº �.O 6²�
�
� > ®
. V¢B AAO B�~ ��f ¾�V�~ ^��

º ö~º çã~ ¾�V�j ö~º &ê� âî¾ �¢~²
ª��Ê¶ö¢� � > ®
.
¾� V�~ &ê, º Eq. 1" ?
� rJ^ ®
.16)

(1)

Eq. 1öB ρporeº pores/ç2~ �*� ¾æÞ ¾�V�~ &
ê��, αº "Ò~ 1.15~ ç>, Dporeº ç �*~ ¾�V�
~ çã, βº ·�Özö ÒÏB Ö~ «~f Nêö ~�~º
ç>�� Vº ·�Öz *{�
. V�~ çã, Dporeö &�
·�Öz *{~ 'Ëf 'V r^ö, ÒÏ>º Ö~ «~, N
ê �Ò� pH(Ö~ ³ê)& "º æ>¢ � > ®
.16) V¢B
Ö~ «~f ³ê¢ 1.2 M �Öb� �;� � ��öBº ·
�Öz *{" �*j �.~� ö~º V�~ &êf ª�¢
BÚ~&
. �Ö *��j ÒÏ� ãÖ Dporeº 50öB 150ç
� rJ^ ®b�16) 20oCöB 15 V� ·�Öz¢ 
�~�
SEMb� {�� Ö" ï� 70ç�î
. βº 16ç/V~ 8j
<º ç>�
. Eq. 1ö ~� ��'b� �� ·�Öz *{
" &ê Ò�~ &êf � ��öB G;B 8j jv~�
Fig. 3ö ¾æÚî
. G;~f ��~~ ãË� jv' ¾ ¢
~~� ®b� Eq. 1j Û� ·�Öz *{" V� &ê Ò�
~ &ê¢ .G� > ®rj {�~&
. Fig. 3öB þ V^�
��B a, b, c, d ' æ6öB~ SEM Òêj ¾æÞ ©�

Fig. 4�
. ·�Öz *{� 
öö V¢ V�~ &ê& 6²
~º ©j �''b� {�� > ®îb�, a, b, c, döB G;
B ï� &êº '' 2.17Ü1011, 1.45Ü1011, 1.07Ü1011, 9.02
Ü1010pores/cm2&
. 

Keller& B�®~ ©¾" ¾�V�~ çãf *��~ «~
f &7� &N� ®V r^ö �V¢ æz�ÊV *� 
®
*��j vÚ�¢~� 
þ��j 
� Ö;�¢~º� �º
±f O»� jî
. &� *��~ Nê¢ BÚ~�¾ Ë�Ï
r��ª Özïö &� ¾ rJê widening V»j �Ï~º
©� ±
. Fig. 5º *��~ Nê¢ '' 22, 26, 30oC� æ
z�Ê�B 40ª* 15 V� ·�Öz �Î r��ª ��~
SEM Òê�
. Nê ÞNº Û0.5oC� ¢;~² Fæ>îb�
*¾Ò �� �f 
� 
þ" Îv ÿ¢~&º� *��~ N
ê& ¸jæ�B ¾�V�~ çã� 
æº ©j r > ®
.
��¾ (a), (b)~ çã N�º �~ JNº* ÚöB æz>�
®Ú Nê¢ Û� ;{� çã~ BÚ& ÚJÖ�, Nê& çß
�ö V¢ *��ö ~� bï~ �'� 
æV r^ö ·�Ö
z �*ö &� bï~ vþ¢ .G~V ¾
Úê
. 
�B Þ/®~ ©¾" AAOº ß;� ÖöB �¦'� Ï�
& ¢Ú¾ ¾�V�~ çãj 9¶ > ®b�, �Ö� &�'�
widening Ï ÖWÏ��
. Widening �*, twf ¾�V�~ ç
ã, Dpore Ò�~ &êº Nagayama �13,14)ö ~� j¾~ Eq.
2� ¾æÚÚî > ®r� rJr
.

(2)

Eq. 2öB Dporeº µm, twº ª~ �*¢ <º
.
� ��öBê widening �*j �.~� �Ö Ï�öB ÿ
¢� ·�Öz ��b� ò
Úê AAO ¾�V�~ �V¢ B
Ú~&b� SEM &Vö ~� Ö"¢ Fig. 6ö ¾æÚî
.
Fig. 6öB {�� > ®º ©¾" AAOö �W>º ¾�V�
~ �Vº widening Ï�ö �'�Êº �*ö ~� *�~²
�.� &Ë~&
. ��¾ Fig. 6~ Ö"º Nagayama~ Ö"
�
 � çã� ·f ©b� &V>îº�, �©f Nagayama
~ ãÖ KÚÖ Ï�j 
î� AAO¢ B·~&� � ��ö
ÒÏB �Ö Ï�öB B·B AAO �
 ¢>'b� çã� �
¾�V�� ;W>�, �Ö widening Ï�~ �>ê z Ï�~
V r^� ©b� º;B
. 6� Fig. 6cöB r > ®��
widening �*� .Z ^Úæ� ¾�V�� B� ÷�>Ú

ρpore
α

Dpore βV+( )2
-----------------------------------=

Dpore 0.02 1.27 10
4–

tw 4.73 10
5–

tw
2⋅×+⋅×–=

Fig. 3. Relation between anodizing voltage and pore density.
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Fig. 4. SEM images of AAO surface which shows different pore densities according to the anodizing voltage. Anodizing was conducted in
1.2 M H2SO4 sulfuric acid at 20oC and at (a) 12 V, (b) 15 V, (c) 18 V and (d) 20 V.

Fig. 5. SEM images of AAO template anodized at (a) 22oC, (b) 26oC
and (c) 30oC . The other anodizing conditions are the same as those
in Fig. 2.

Fig. 6. Surface SEM images of AAO template widened for (a) 10
min, (b) 15 min, and (c) 30 min. The other anodizing conditions are
the same as those in Fig. 2. The average pore diameters of each
AAO were (a) 17 nm, (b) 26 nm, and  (c) 40 nm. 
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template� �Ï~V ÚJòê
.
Fig. 1öB ÚÚ" > ®º ©¾" r��ªj ·�Öz �V
j r �W>º Özbïf v «~� ¾*Úê
. �OW~ ¾
�V�j �F� 
�W Özï� Ï� ê�öB WË~�, r
��ª V6" 
�W Özï Ò�öB j
�W~ ãê[ Ö
zï� 10öB 100 nm vþ� WË�
. r��ª~ ãê[ Ö
zïf ^2 Î"(valve effect)¢ ¾æÚº� ��� ßWj �
Ï~� AAO¢ �Ï~� £² ¾�FÒ¢ *"� > ®
. ¯
.�Ú� ãê[ Özïö ~� r��ª V6" ¾�V�� ª
Ò>Ú ®V r^ö ç~ *"»b�º ¾�FÒ~ B�& Ú
[æò v~ *"»j ÒÏ~� ^2Î"ö ~� ·� Öz*
~ö &�F .�ï ��j ~� r� ~ö*~ò Ï�ö �/
~² >Ú ¾�FÒ~ *"& &Ë�ê
. Fig. 7öº ·�Öz
ö ~� B�B AAO~ ¾�V�ö v~ *"»b� Fe¢ j
Ú ê XRD ªCj � Ö"�
. Ú¦ V6b� ÒÏB Al"

·�Özö ~� �WB AAO b�º b��� Fe b�& ª
«~² &V>º ©b� �j Fe ¾�FÒ& �W>îrj r
> ®
. Fig. 8f NaOH Ï�b� r��ª Öz[j B�~
� Fe ¾�FÒ¢ AAO�¦V ªÒ�Î ê �
j TEMb�
&V� Òê�
. Fig. 6a, b~ AAO¢ template� �Ï~� B
�� ¾�FÒº ^�& ï� 10µm&b�, ï� çã� ''
18 nm(Fig. 8a)f 28 nm(Fig. 8b)�B ¾�V�~ çã" �~
¢~~º ©b� �j B�B ¾�FÒ& ¾�V�~ Î·j Ï

® �Ò~� ®rj r > ®
. 6� ¾�FÒ~ ��;çb
�¦V ¾�V�~ G� ã� 
n~² ÑÒæº p~� ¢¦
Ö�ê ®rj r > ®b�, Fig. 8böB ¾�FÒ~ �V&
jv' N�& ¾º ©f widening Ï�� ¾�V�~ Ú¦r
æ j*® ·Ï~æ á~&�¾, ¾�V�� WË~º ";öB
çã� æzB ©b� ºG>� ¾�V�~ �WV�ö &�B
º º&'� ��& jº� ©b� ��
.

4. Ö  �

� ��öBº �Bê r��ªj 1.2 M �Ö Ï�öB ·�
Öz �B AAO¢ B�~&b� �¢ template� ÒÏ~� v
~ *"»b� Fe ¾�FÒ¢ B�~&
. �r AAO ¾�V�
~ �Vf &ê �j BÚ� > ®º ·�Öz æ>ö &� Ú
Ú� Ö" 
r" ?f Ö�j áî
.

1. r��ª~ ·�Öz .Vöº ãê[� ;W>�B *~
&ê~ 6²¢ &V� > ®æò ¾�V�� �W>V �·~
� *~&ê& Ã&~� 10ª ;ê ·�Öz& ê¯>� ï;
ö ê��b�� *~&êº ¢;~² FæB
.

2. AAO templateº ·�Öz æ> �j BÚ~� ö~º ¾
�V�~ �Vf &ê¢ BÚ� > ®
. ·�Öz *{~ ãÖ
¾�V�~ &êö ç7'� 'Ëj �ö ·�Öz *{� Ã
&�>� V�~ &ê& 6²~�, � ãË� ¢;~� >�b
� .G &Ë~&
.

3. ¾�V�~ çãf Nê& çß�ö V¢ çß�
. ��
¾ � Î"º �æ pb�, Nê¾ *��j æz�Êº ©�


Fig. 7.  Typical XRD peaks of Fe nanowire array prepared by ac
electroforming using AAO as a nanowire template.

Fig. 8. TEM images of nanowire electroformed in the same AAO template as that (a) in Fig. 6a, and (b) in Fig. 6b. The average diameters of
each nanowire were 18 and 28 nm, respectively.
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�ÖÏ�j �Ï� widening V»j �Ï~� 
� 
þ��~
BÚ�
 *Þ~² BÚ� > ®rj {�� > ®î
.

4. AAO¢ template� �Ï~� Fe¢ v~*"»b� B��
ê XRD, TEM ªCj 
�� Ö" AAO templateö V¢ 

·� çã~ Fe ¾�FÒ¢ B�� > ®rj {�~&
.
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