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Abstract-Highly ordered pore array in anodic aluminum oxide was fabricated by anodizing pure altu-ninm~n. The 
order of a pore an-ay was affected by anodizing voltage, electrolyte temperatm-e, and first anodizing time. A regular 
pore an-ay with mean dim-neter of 24 mn mad mterpore distance of 109 iml could be fozTaed by two-step anodization 
at 40 V, oxaIic acid concentration of 0.3 M and electrolyte temperatm-e of 15 ~ The measm-ed interpore distance 
showed linearity with anodizing voltage. The diameter of pores was adjusted by pore widening treatment in a 5 wt% 
phosphoric acid solution at 30 ~ after two step anodization. The mechanism of self-an-mlgement of pores could be 
explained by the repulsive interaction between the pore walls. 
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INTRODUCTION 

Nanoscale s~uctures have recently attracted considerable scien- 
tific and commercial attention because of their ~ q u e  electronic, 
magnetic, and optical properties. For example, nanochaimel an-ay 
can be applied to a recorclmg medium to achieve recording densi- 
ties of more than 16 Gbits/cm 2 [Horowitz et al., 1991 Nelson et 
al., 1998]. It can also be used for single-electron devices [Tager et 
al., 1997], and optoelectronic devices [Whitney et al., 1993]. 

Aluminum is always covered with a thin oxide film because of 
its high affinity for oxygen. Aluminum oxide film can also be pro- 
duced when pure a lumin~  is used as an anode in an electrolytic 
cell. This oxide f~-n is called anodic aluminum oxide (AAO) film. 
In this case, howevez; there form two types of oxide f~-ns, a dense 
barrier film and a porous film. Type of oxide film mainly depends 
on the na~-e of the electrolyte solution used in ~lodization. Bar- 
rier-type oxide fN-n which is perfectly insoluble in the electrolyte 
solution is fonned in neu~al boiic acid solution, mm-aonium borate 
or tal~ate aqueous solutions (pH 5-7), anmlonium tetralmrate in 
ethylene glycol, and several organic eleclrolytes including citric, 
malic, aid glycolic adds. Porous-type oxide film which is slightly 
soluble in electrolyte solutions is fonaed in sulfuric, phosphoric, 
chromic, and oxalic acids at almost any concentratiort The thick- 
ness of baTier-type oxide film can only be controlled by anodizing 
voltage, whereas that of porous-type oxide film can be adjusted by 
tile current density and anodizing time [Diggle et al., 1969]. 

Although porous AAO film has been commercially available 
for the last few decades, irregular arrangement of pores is obtained 
by conventional anodization tectmique. It is a rather recent deveI- 
opment that a periodic pore an-angement in a porous AAO film can 
be obtained by two-step anodic oxidation method ['iviasuda et al., 
1995]. After tile fu~t anodization ks peffon'ned, the porous AAO 
layer is s~pped out by an acid solution. Then the second anodiza- 
tion produces a hi~1-Jy-ordered, hexagoilaI close-packed pore array. 
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Tim method is cheaper and easier than tile electron beam lithogra- 
phy method to obtain a regular array of nano-sized pores. The pores 
have a uniform pore dia-neter in the range of 4-300 iml, high pore 
density in the range of 109-10 H cm -2 and an aspect-ra~o of over 100 
is easily obtained 

The formation of AAO fN-n was affected by the anodic voltage, 
the temperature of electrolyte, and the first anodizing time [Li et 
al., 1998]. The anodic voltage and the tempera~-e of electrolyte 
affect tile growth rate of pores and the inte~pore distance. Also, filet 
anodizing ~arne has a signiticant effect on the ordering of pore arrays 
in AAO. The aim of this research is to study the effect of numer- 
ous parameters and to fred the optimum condition for the forma- 
tion of an AAO film with perfect hexagonal pore an-angement. 

EXPERIMENTAL 

A pure aluminua-n sheet (99.999%) of 1 mm thickness was de- 
greased in acetone by ultrasonicatlbi1 After ultrasonicafion, the spec- 
imens were rinsed several N-nes in ethanol for more thai 15 rain, and 
fmalIy rinsed in deionized water. The specimen was eleclropolished 
in a mix~-e ofperchlofic acid and ethanol (HC104 : C2HsOH=I : 4 
in voDa-netric ratio) to remove surface in-egulm-ities. The specimen 
was used as an anode while a flat Pt sheet or c~uwed AI sheet was 
used as a cathode. Tile distance between the cathode and the anode 
was adjusted to be about 5 cm. A constant voltage of 2@ V was ap- 
plied between the cathode and the anode for 60-90 sec and the sol- 
ution temperature was kept to be 7 ~ d~'mg ele~opolishmg Tile 
electropolishing time was varied with the characteristics of the used 
A1 specimens such as thickness and surface roughness. A constant 
voltage was applied by a computer-interfaced power supply 
(HOBANG, HBPS-1A200V). After eleclropolishing, the specimen 
was z-ir~sed several times in ethanol for more than 15 rain, then zmsed 
in deiontzed water and finally dried in an air s~ream. Next, the first- 
step anoctiTation was carried out in a 0.3 M oxalic acid soh~on; 
the conditions for anodization such as tempera~-e of electrolyte, 
anodizing voltage and first anodizing time were vaned to fred an 
op t im~.  Experimental setup was the same as what was used in 
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eleclropolishing, except that an oxalic acid was used instead of a 
penvhloric acid-ethanol solution. 

After the fast anodization was completed, AAO layer was re- 
moved by immen~ing the specimen in amixture of 1.8 wWo chro- 
mic acid aid 6 wt% lab c~phoric add at 65 ~ for 1-4 hr. Finally, AAO 
film wxs obtained by the second anodization under file same condi- 
tion as the fir~ one. At all steps, the sohtion was stined at a con- 
strut speed by amagnefic stirring bar. Electropolishing md anodiz- 
ing were all cmied out in a 500 niL or 1 L jacketed-beaker; which 
was designed to keep the tempen'attwe of the contained solution con- 
slant by using a refi-igen~ed circulating bath (VWR Scientific Model 
1157). TILe structure ofAAO fikns was observed ~vJth Field Emis- 
sion Scanning Eleclron Microscope (FE-SEM, Hitachis s-4200). The 
spechnens were ckied in a dessicator for at least an hour and then 
coated wLla Pt prior to SEM observation. For the examination of 
the cross-section of abulk AAO film, the specimen was bent into 
V-shape to produce cracks parallel to the unbent edge of the spec- 
inIen. 

RESULTS A N D  D I S C U S S I O N S  

An aluminum surface is usually flattened before anodization by 
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Fig. 1. Effect of electropoli~ing on the surface roughness. The 
specimen was electrochemically polished in a ntixtare of 
pefchlorie acid and ethanol (HCIO 4 : C:M~OH= 1: 4 in voL 
tmlelric ratio). Applied DC voRage was 20 V between cath- 
ode and anode. The solution telnperattwe was kept to be 
7~ 

an initial eleclropolishing step, which removes large surface itregu- 
latities. To obtain hexagonally ordered Ix~e avay in anodic oxide 
film, eleclropolishing is considered as an essential ~ep. It was re- 
potted that ordered pore army could not be obtained with speci- 
mens prepared without dectropolishing [Jessensky et al., 1998]. 
Fig. 1 sho~w the effect of  eleclropolishing on the roughness of an 
altmiinum specimen. Before electropolishing, the specimen exhib- 
its surface roughness in m scale, but those large surface irregulari- 
ties were removed after electmpolishing. The specknen had mirror- 
like surface due to the surface roughness of  a scale sTnaller thin the 
wavelength of light. Eleclropolishing couldbe explained by the pres- 
ence of a viscous layen; cotnposed of an electrolyte, reaction prod- 
ucts and dissolved metal ions [Aebersold et al., 1996]. Because vis- 
cous film thickness of the peak is thinner; the cualent density at the 
peak is highen" than the cun'ent density at the valley. So the peaks 
are more quickly dissolved than valleys mid the san'face is smooth- 
ened due to the preferential ~tack on the peaks. 

Fig. 2 show~ file SEIVl hnages of  the top surfaces alien" anodiza- 
tion at various anodizing voltages and tenlpen~tures of  electrolyte. 
The fast and the second anodizing times were 12 hours and 20 min, 
respectively. The fast anodization time mainly affects the pore ar- 
rmgement, andthe second anodization thne only influences the pore 
length. The tennpenatare of  electrolyte was kept constant during each 
anodization. Fig. 2 clearly shows that the optimum condition for a 
perfect ordefaLg of pores is 40 V at 15 ~ for oxalic acid solution. 
The average pore diameter and the interpore distance are 24 mn 
and 109 ran, respectively. The domain size with perfect order was 
3-4 ~n  and lattice mismatches were observed in a larger scale. Setf- 
an~angenlent was observed even ~ e n  the fast anodization was car- 
tied out for only 2 hrs, but the ordered dmLain size was sanall. It 
was previously repotted that the ordered domain size depends on 
the first anodization time md anodizhg voltage [Li et aL, 1998]. 
However, these effects are not so prominent. Althongh time is some 
ordering of pores at40 V in 30~ they do not have aperfect hex- 
agonal arrangennent. At high voltages or high tenLperature, oxide 
dissolution rate at pore bottom may increase because the enfllanced 
electrical field and current density shows large fluctuation. There- 
fore, local tenLperature may increase, so that s~esses md rates of 
heat dissipation become nonunifotm at pore boltotn. Also, because 
the extent ofvoltune expansion of alanlinunL oxide during mod- 
i7ati~tL was lat'gen, the pore atrengennent might be disorden~ed [Li et 
al., 1998]. At low voltages or low tempen~dtare, though anodization 
is very stable, file pot~e anangements became very disordered. Be- 
cause the repulsive inten'action might become sanallen; the expan- 
sion ofvolurne dm'hg oxide fotmation at the AFA1203 interface is 
smaller. However; regular pore atray can be obtained if anodiza- 
tion is cmried out for a long thne. 

The advantage of two-st~p anodization lies in the easy forma- 
tion of a regular pore ~r-  W. As the first anodizafion proceeds, the 
depth of pores increases and the mimgement becomes mote regu- 
lar It was reported that the hnprovement of pore atr-,algennent con- 
thmed even after 60 hours of  the first anodization [Shingubatxt et 
al., 1997]. The driving force for the self~realgennent of  potes is 
thought to be the repulsive int~,ction between pores during pore 
gro~vth. In the steady state pore grovCdl pen'iod, oxide gowth at the 
A1/AI203 interface aid field~fllanced oxide dissokltion at the A120J 
electrolyte intenface ate in equilibrimn. The repulsive inten~ction 
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Fig. 2. Effect  o f  anodiz ing  condit ions  on the formation of pore arrays  (top view).  The anodizhlg  solution w-as 0.3 M oxalic acid. 

between neighboting potes results ~ m  mechanical stress due to 
the expansion of volume dining oxide formation at the A1/A12Os 
interface. The oxide layer can :freely exp~ld only in the vertical di- 
rection while hexagonal close packing ofpot'es occurs in the lateral 
dkection to adjust the p<l-es to a fr~ed volume [Jessenfl<y et al,, 1998]. 
It was reported that the best ordaing of pore ~luy was achieved 
for a m o d a ~ e  expansion factot- of 1.4, [e., the t~elative thickness 
of the porous AAO l~jer compmed to the conatmed aluminum. 
Table 1 s~mn~izes the conditions for the fotm afion of crda'ed pore 
mvays ha AAO repotted by previous inves~igatot~ [Masuda et al., 
1995, 1996, 1997, 1998; AI-M~vlawJ et aL, 1991; Li et al., 1998, 
1999, 2000; Jessensky et 01, 1998; Zhang et al., 1998]. These in- 
vestigations only repotted ot'da'ing conditions, but this study ob- 
served tile vmious effects of mlodizing pm~'netet~. 

Because AAO film fotmed ha the fn'st anodizafion is nonot'dered 
at upper part of the AAO film, AAO film should be removed by 
wet chemical etching using a m i x ~ e  ofl .8 wt% chromic acid mad 

6 wt% pho~--phoric acid. After AAO film ~v-as removed by wet chem- 
ical etching, the two-dimensional l:~ttem ofa  regula" ~r~y m n ~ m d  
on the smface of the aluminum specimen. Fig. 3(a) shows the SEM 
image on the s~'fiace of  an ahminum specimen after ~ipping of 
the AAO film formed by the fast modization for 12 hours. This 
figure clem'ly shows a hexagonal p~tem on the sxaface of the al- 
uniinum specimen. Fig. 3(b)-(d) showthe a'oss-sectional view of the 
AAO layer aria" second modization. It is obvious that pot'e gowth 
started fi~n the ~rface of the almninmn spechnen, ~ld the pore 
growth progressed following this p~em in the second ~lodization. 

The gmwfll r~e of pores (ot" equivalaltly, the etch r~e of alumi- 
num oxide layer) was a sWong function of  anodizing voltage aid 
electrolyte temperature. Fig. 4 shows the voltage dependence of 
file growfll i~e A each tempa'atam. The pot'e gro~v~h rate varied 
fi~m 15 mn/min to 1 Dm/min depending on anodizing voltage and 
tanperatam of electrolyte The relationship betweal anodizing volt- 
age aid gowhh me  could be expressed by Eq. (1) This shows lhat 
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Table 1. Summary of previous investigations 

S.-K. Hwang et al. 

Group Ordering method Pretreatment Electrolyte Temp. Voltage Pore Ordered 
(~ (V) diameter domain size 

AI-Ma~valawi No ordering No 0.23 M Oxalic acid 25 11-20 n.a. No ordeiing 

et al. 

Masuda et al. Long anodization No 0.3 M Oxalic acid 0 40 67• -2-3 gm 

2-step anodization No 0.3 M Oxalic acid 17 40 50 n.a. 

Long anodization No 0.3 M phosphoi-ic acid 0 195 n.a. >5 m 

Indentation 400 ~ 1 N- 0.3 M Oxalic acid 17 40 70 3 nunx3  iron 

0.3 M Oxalic acid 17 60 100 3 mmx 3 mm 
0.04 M OxaIic acid 3 80 140 3 nun x 3 nun 

Li et al. Long anodization 400 ~ 3 hr 0.3 M sulphuric acid 10 25 30 1-3 gm 

0.3 M Oxalic acid 1 40 70 1-3 gm 

10 wt% Phosphoiic acid 3 160 250-300 1-3 gm 

2-step anodization 400 ~ 3 h 0.3 M Oxalic acid 5 40 1-5 p.m 

2-step anodization 400 ~ 3 h H3PO4 : CH30 - 4  195 200 1-5 gm 

H : H 2 0 = I :  1 0 : 8 9  

Pre-patteming by 400 ~ 3 h 0.04 M Oxalic acid 5 85 120 

lithography 

Jessensky et aI. Long anodization 500 ~ 3 h 0.3 M Oxalic acid 1 30-60 70 -~tm size 

best 40 

20 wt% Sulphm-ic acid 18-25 40 Smaller than 

best 18.7 that in oxalic 

1 acid 

Zhang et al. Modified 2-step No 3% Oxalic acid 15 40 n.a. 4 ~tm 

anodization (3-step) 

2-step anodization No 0.3 M Oxalic acid 15 40 n.a. 0.5-2 g m  

�9 '~ IU_I~Li l'i:.l 1:: 

l,.I I J l  

. ~ d ~ l i l l l L l ' l ~ l R  

Fig. 3. Formation of regular i)ore an~ys during anodization. (a) Hexagonal pattern on file smface of an almninmn specimen ariel" stripping 
of tile AAO layer formed by tile filet anodization (top view), (b) tile AAO layer formed after the 2 ~ anodization for 5 rain (side 
view); (C) for 10 min; (d) for 20 min. 
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Fig. 4. Effect of anodizing voltage on the g r o ~ h  i~te of pores. The 
anodizing solution was 0.3 M oxalic acid. 

growth rate quadratically increases as anodizing voltage. Ft~ther- 
more, growth rate of pores increases very rapidly with anodizing 
voltage at higher eleclrolyte tempemlx~re. It is thovght that the pore 
growth rate increases due to either tile field-e:lh~lced dissolution 
or the temperature-e:lhanced dissolution. 

R=51.33- 3.71Vo+0.095V~ (30 ~ 
R=I23.43-9.19\~+0.230V~ (15 ~ 
R=392.30- 26.92\~+0.63\~ ~ (5~ (1) 

The length of pores was tx-oportional to the anodizing ~:le. Here, 
exlreme v~rlJtbrmity of the pore length should be pointed out_ Fig. 5 
shows the relationship between pore length and ancdizing time. This 
linear relationship could be formulated to Eq. (2). Although the data 
was obtained at 15 ~ and 40 V in 0.3 M oxalic acid, a linear re- 
lationship was always valid for other conclitions. This linearity, how- 

3000, 
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1000 �84 
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Anod~r~ Ume(~n) 

Fig. 5. Linear relalionship between pol~ length and anodizing time. 
The anodization was carried out at 40 V in a 0.3 M oxalic 
acid solution at 15~ Pore length,/r, shows linear relation- 
ship with anodizing time, t~: lr=-147.75+125.53t~. 
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Fig. 6. Voltage dependence of interpore distance. The anodization 
was carried out umler voltage ranges o f 2 0 ~ 0  V. The meas- 
ured interpore distance, D~ showed linearity with anodiz- 
ing voltage, V~: D~=- 5.2+2.75Vo. 

ever, could not be maintained when the an~iT~tion was camed out 
for more than several hours. It is thought that tile diffusion of elec- 
trolyte solution to tile Imttom of the pores becomes the 1ate-deter- 
mining step as the pore length increases. 

lp =-  147.75+ 125.53t, (2) 

Voltage dependence of interpore distance is shown in Fig. 6. In- 
te~-pore distance was dete~nmed as the average of the intez'fxxe dis- 
tances obtained fi-om SEM images. The specimens anodized under 
voltage rages  of 20-60 V show pore distances in tile range of 50- 
160 rim. The measured interpore distance shows Iineanty with an- 
odizing voltage. Tile relationship could be expressed by Eq. (3). One 
interesting observation is that interpore distance only depends upon 
anodiTing voItage, not upon the temperat~re of eleclrolyte. This re- 
sult con-esponds to the earlier report [Li et al., 1999]. 

D,=- 5.2+2.75Vo (3) 

It is possible to conh-ol the pare diameter without any change in 
pore density: it is fi-equently referred as pore widening Pore wi- 
de:ring results fi-om the dissolution of aluminum oxide in the pore 
wail in an acidic solution. Fig. 7(a) shows tile effect of widening 
time on the diameter of pores. This particular sample was prepared 
by the two-step ancxJization at 40 V in a 0.3 M oxalic acid solution 
at 15 ~ and mde:~ng was peffon-aed in a 0.1 M phosphoric acid 
at 30 ~ The mean pore diameter was 24 :~qa before pore widen- 
mg tre~nent and mdened to 74 :ml after 50 rain of pore widen- 
ing. A quadratic relationship was obtained between the pore diameter 
and wide:ring time, which could be reduced to Eq. (4). 

Dp=24.703 - 0. 116g.+0.022 ltf @) 

This results agrees with the earlier reports [Al-lViawlawi et aI., 
1991, 1994]. Fig. 7(b) and (c) show cross-sectional view of AAO 
before and aecer widening Ireatment for 50 mm at 30 ~ respec- 
tively. They dearly demonslx, te the increase of pore diameter. Pore 
widening trealrnent is accompanied with the thinning of the balTler 

Korean J. Chem. Eng.(VoL 19, No. 3) 
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There is every poss~ility that the inter-pore dimension hi an AAO 
template can be controlled by file c~xnbin~ion of the method shown 
hi this work wilh file indentation method [Masuda et al., 1997]. A 
pretextured pattern on file surface of an almninum specimen cm 
be made by nano-indentation using arnold wilh a desired inter-pore 
dimension of convexes. The obtained concretes of the aluminum 
surface act as a pilot holes in the initial pore development during 
anodization. I f  anodiz~on is performed the voltage vdfich pro- 
duces the same pore dimension with the mold, AAO template with 
desired dimension can be made. An oideted AAO template with 
v~'ious pore dimensions and dianaetet~ can be obtained with addi- 
tional pore widening treatment. 

CONCLUSIONS 

Ordered pore anay ofnanonaeter scale can be obtained by an- 
odizing pure ahminum specimen in acidic solutions The order of 
pore array is affected by anodizing voltage, eleclrolyte temperature, 
and file first modizing time. TiLe window for the perfect hexagonal 
arrw is raffler narrow: In a 0.3 M oxalic acid solution, ahighly or- 
dered smicture with pore dianeter ot"24 nm and interpore distance 
of 109 mn was obtained by two-step anodization at 40 V in 15 ~ 
The gro~v~da rate of  pores was affected by modizing voltage and 
the tempemtm'e of electrolyte. The inteqoore dianaeter linem'ly in- 
creased with anodizing voltage. TiLe diameter of  pores couldbe ad- 
justed b~ceen 24 mn md  741mL without any change in pore den- 
sky by pore widening trealmeut in a 0.1 M phosphoric acid solu- 
tion at 30 ~ after two-step anodization. These results could be used 
for making ordered AAO template with vmious pore dimensions 
and diameters. 

These nanotemplates can be applied to the various fields, such 
as fdttmien, duplication matrixes, evaporation masks, file high-den- 
sky t~ecording media, lech~a'geable batteries [Mazalev ct al., 2001], 
optoelectronic devices and template for the growlh of metal or se- 
miconductor n a n o ~ e  [Routkevitch et ~d., 1996]. Also it might be 
obtained the ordered nmotemplae with desired pore dimension by 
using pre-textumd aluminum and suitable anodizing voltage. 

A C K N O W L E D G E M E N T  

Fig,. 7. Dependence of pore dimuet~r upon widening time. Anod- 
izalion was  era'tied out at 40 V ht a ~L3 M oxalic acid solu- 
tion at 15~ and widctdng was performed in a 0 . 1 M  pho- 
sphoric add, 30~ (a) D e p c n d m c e  of pore diameter (Dp) 
upon widening tnne (L); (b) cross-sectional v iew of A A O  
before widening ~reatm~at, (e) after w i d t t ~ g  t r e a ~ e n t  for 
50ra in  at 300C.  

layer: Bmier  layer thinning is essential for the electroplating of  a 
metal at the pore bcO~ma ofAAO fiha because electrons can tunnel 
easily through a flfitmer ban'ier layer Bmrier layer can be com- 
pletely removed to m~ze a membrmm. Complete removal of bar- 
tier layer cm be realized by lowering the anodizing voltage in a mmll 
step [Sui et al., 2001]. 

The authors would like to thank the Ministry of  Education of 
Korea for its financial support to~v~rd the Electrical and Computer 
Engineering Division at POSTECH through its BK21 program. 

N O M E N C L A T U R E  

lp :pore length [nm] 
L : anodizing time [rain] 
Vo :anodizing voltage [V] 
R :growth rate [nm/min] 
13,. : inte,pore distance [nm] 
D r :pore dianreter [ran] 
L :pore widening time [mill] 
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