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Using ultrathin alumina membranes (UTAMs) as evaporation or etching

masks large-scale ordered arrays of surface nanostructures can be syn-

thesized on substrates. However, it is a challenge for this technique to

synthesize quantum-sized surface structures. Here an innovative approach

to prepare UTAMswith regularly arrayed pores in the quantum size range is

reported. This new approach is based on a well-controlled pore-opening

process and a modulated anodization process. Using UTAMs with

quantum-sized pores for the surface patterning process, ordered arrays of

quantum dots are synthesized on silicon substrates. This is the first time in

realizing large-scale regularly arrayed surface structures in the quantum size

range using the UTAM technique, which is an important breakthrough in

the field of surface nanopatterning.
1. Introduction

As a well-known nanotemplate, anodic alumina mem-

branes have been widely used in fabricating different one-

dimensional (1D) nanostructures,[1–5] especially after the large

improvement in the pore regularity of alumina membranes

based on a two-step anodization process.[6,7] The synthesis of

ordered arrays of 1D nanostructures benefits from the regularly

arrayed pores of alumina membranes with monodisperse

diameters. Recently, using ultrathin alumina membranes

(UTAMs) as the evaporation or etching masks, large-scale

ordered arrays of surface nanostructures (e.g., nanodots

and nanoholes) have been successfully synthesized on the

surface of substrates (mainly Si wafers).[7–18] This UTAM

surface nanopatterning technique possesses some attractive
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advantages[8] such as large pattern area (>1 cm2), high

throughput, ultrahigh density (1010–1012 cm�2) of the surface

nanostructures, and low equipment costs.

There are two challenging technical points preventing the

existing UTAM patterning and template-directed processes

from synthesizing regularly arrayed nanostructures in the

quantum size range (below 10–20 nm). First, although the

minimum pore diameter of alumina membranes is about 10 nm,

the arrangement regularity and monodispersity of pores are

poor when the pore diameter is smaller than 20 nm. This largely

limits the investigation of the quantum-confinement effect

based on the template-prepared ordered arrays of nanostruc-

tures with monodisperse diameter. Second, the aspect ratio of

the pores of UTAMs that are suitable for use in the surface-

nanopatterning process should be smaller than 10,[8] for

example, the thickness of a UTAM with 20-nm-diameter pores

should be smaller than 200 nm. However, when UTAMs are

prepared using sulfuric acid solutions (the solutions to prepare

membranes with smaller pores, e.g., 20 nm), the large growth

rate of alumina layers in the sulfuric acid solutions makes it hard

to obtain UTAMs with thicknesses smaller than 200 nm (aspect

ratio is 10 for 20-nm-diameter pores). This is the reason why so

far the anodization process of UTAMs is limited to oxalic

acid solutions,[7–9] giving UTAMs with pores larger than 30 nm.

And it is difficult to obtain small-pore UTAMs (with pore

diameters smaller than 20 nm) that are suitable to be used for

the surface-patterning process. This prevents the fabrication of
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Figure 1. Schematic outline of the fabrication of ultrathin alumina masks

andorderednanodotarrays(a–h)andanSEMimage(i)ofUTAM-prepared

Au nanodot arrays with part of the UTAM remaining (anodized in a 0.3 M

modulated H2SO4 solution, glycol:water¼ 3:2). The thickness of the

UTAM isabout80 nm andthediameterof theAunanodots isabout 20 nm.

The inset in (i) is the top view of the nanodots.
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quantum-sized surface structures using the UTAM patterning

technique. Thus one of the most attractive features of

nanomaterials, the quantum-confinement effect, is missing in

the UTAM surface-nanopatterning process.

In this Full Paper, we show a new route to prepare UTAMs

with regularly arrayed pores in the quantum size range and

consequently to synthesize ordered arrays of quantum dots.

First, modulators were introduced into the anodization

solutions, which significantly decreased the anodization

current and the growth rate of UTAMs. Based on this low

growth rate, UTAMs with a thickness of about 80 nm were

prepared, and regular arrays of nanodots with diameters of

about 20 nm were fabricated using these UTAMs. More

importantly, we proposed a well-controlled pore-opening

process of UTAMs. Using the process, the diameter of pore

openings of UTAMs is well-controlled in the range of 5 to

27 nm. Ordered arrays of surface nanodots within a similar size

range can be fabricated using these UTAMs. Here we show the

fabrication of regular nanodots with an average diameter of

about 17 nm. This is the first time in realizing regularly arrayed

pores and surface nanostructures in the quantum size range

using the UTAM surface patterning and template-directed

technique.

2. Results and Discussion

Our UTAM surface-nanopatterning process starts with a

two-step anodization process (Figure 1) using 0.3 M sulfuric acid

solutions with mixed solvents of water and a modulator (glycol).

The volume ratio of glycol to water is 3:2. Due to the low

freezing point of glycol, the anodization process can be carried

out at an extremely low temperature of �20 8C without a

stirring of electrolytes. The anodization current is much smaller

than that of the anodization process using 0.3 M sulfuric acid

solutions at 0 8C, resulting in a much lower growth rate of

UTAMs compared to that of the UTAMs prepared using non-

modulated sulfuric acid solution. Due to this much lower

growth rate, a UTAM with a thickness of about 80 nm was

prepared on a Si substrate (Figure 1i). This UTAM was

synthesized using a short anodization time of 5.5 min under

25 V. The 80-nm thickness of the UTAM suggests a growth rate

of about 15 nm min�1, which is just about 1/10 of the growth rate

of about 150 nm min�1 of the UTAMs prepared using 0.3 M non-

modulated sulfuric acid solution at 0 8C. Using this UATM,

ordered arrays of Au nanodots with diameters of about 20 nm

were prepared (Figure 1i).

The voltage ‘‘breakdown’’ point (or ‘‘burning’’ point) of the

anodic alumina layer prepared using non-modulated sulfuric

acid solutions is about 25–27 V. This breakdown anodization is

caused by the high reaction heat of a relatively high anodization

current. The pore cell size (interpore distance) of the alumina

membranes prepared under 27 V using sulfuric acid solution is

about 65 nm. Moreover, the smallest cell size of the self-

ordering pores of the alumina membranes prepared using

oxalic acid solution is about 100 nm. Therefore, it is hard to

prepare alumina membranes with a self-ordering range (cell

size) in the range of 65–100 nm using conventional non-

modulated anodization processes.
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In our experiments, by adding a modulator in the

anodization solution, the extremely low anodization current

and temperature largely suppress the breakdown effect and

enable a uniform growth of oxide films at a higher voltage.

Using glycol as the modulator, it is found that the anodization

voltage can be extended from 25–27 V to 40 V at 4 8C in a 0.3 M

modulated sulfuric acid solution without a special cool system

and vigorous stirring, which means that the breakdown voltage

could be even higher than 40 V (e.g., using �20 8C anodization
bH & Co. KGaA, Weinheim small 2010, 6, No. 5, 695–699
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Figure 2. SEM images of UTAMs (top view) prepared in a 0.3 M modulated H2SO4 solution

(glycol:water¼3:2) under anodization voltages of a) 25 V, b) 29 V, and c) 40V. The scale

bars in these figures are all 200 nm. The cell sizes of the pores are about a) 60 nm, b) 70 nm,

and c) 95 nm, respectively.
temperature). We prepared a set of five UTAMs in a 0.3 M

modulated sulfuric acid solution (the volume ratio of glycol to

water was 3:2) at 4 8C under different anodization voltages of

25, 29, 33, 37, and 40 V. Figure 2 shows the regular pore arrays of

the UTAMs prepared under 25, 29, and 40 V. It can be seen

that the pore diameter and cell size of alumina membranes

increase with the increase of the anodization voltage. There

is a linear relationship between the UTAM cell size and the

anodization voltage (Figure 3), and the cell size can be

adjusted in the range of about 60 nm (25 V) to 95 nm (40 V).

Moreover, UTAMs prepared using the different anodization

voltages in the range of 25–40 V have regular pore arrangement

(Figure 2).

In the conventional ‘‘mild anodization’’ processes[19–21] and

an emerging ‘‘hard anodization’’ process,[22] self-ordered

arrays of alumina pores can be obtained within the following

ranges: 1) sulfuric acid at 19–25 V for a cell size of 50–

65 nm,[19,20] 2) oxalic acid at 40 V for a cell size of 100 nm,[20]

3) sulfuric acid at 40–70 V for a cell size of 95–140 nm,[21]

4) oxalic acid at 120–150 V for a cell size of 220–300 nm,[22] and

5) phosphoric acid at 160–195 V for a cell size of 405–500 nm.[23]

In our work, the new self-ordering range of the cell size in the

range of 60–95 nm fills in the gap of the self-ordering spectrum

of anodic alumina membranes.
Figure 3. The dependence of the cell size (interpore distance) of UTAMs

on the anodization voltage. The UTAMs were prepared in a 0.3 M H2SO4

solution (glycol:water¼3:2) at 4 8C. The diameters of the UTAMs are

(under different anodization voltages): 60 nm, 25 V; 70 nm, 29 V; 78 nm,

33 V; 88 nm, 37 V; 95 nm, 40 V.
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To obtain regular pores of UTAMs and

hence UTAM-prepared nanostructures

within the quantum size range, a well-

controlled pore-opening process of the

barrier layer of UTAMs was introduced in

this work (Figure 4). There is an alumina

barrier layer between the pore bottom

and the aluminum foil of the as-prepared

anodic alumina membranes. This thin

non-porous barrier layer has a hemispherical

and scalloped geometry (Supporting

Information, Figure S1). Using acidic etch-

ing solutions, the barrier layer can be
thinned and finally removed.

The UTAMs used in our experiments for the pore-opening

process were prepared using 0.3 M modulated sulfuric acid

solution (glycol:water¼ 3:2) under 25 V at 4 8C. The cell size,

pore diameter, and the barrier layer thickness of the as-

prepared UTAMs are about 60, 20, and 20 nm, respectively.

The pore-opening process was carried out using a 5 wt% H3PO4

solution at 30 8C. Before the etching, UTAMs were covered by

a protecting PMMA layer on the top so that the H3PO4 solution

can only etch on the bottom surface of the barrier layer. Figure 4

shows the bottom surface of UTAMs in the pore-opening

process (for details see Figure S2 in the Supporting

Information). The microstructure of the barrier layer before

etching is shown in Figures 4a and S2a. It is found that there is no

pore opening with an etching time of 8 min (Figure S2b). The

pores start to open on the top of the hemisphere with an etching

time of about 13 min, and the diameter of the pore openings is

about 5 nm with an etching time of 15 min (Figures 4b and S2c).

The diameter of the pore openings increases with the etching

time, resulting in pore openings of about 10 nm with 18 min

(Figures 4c and S2d), 17 nm with 24 min (Figures 4d and S2e),

22 nm with 30 min (Figure S2f), and 27 nm with 40 min (Figure

S2g). The dependence of the diameter of the pore openings on

the etching time is shown in Figure S3. The diameter of the pore

openings can be controlled based on the adjustment of the

etching time.

Figure 4 also shows the etching mechanism of the pore-

opening process (for details see Figure S4 in the Supporting

Information). As shown in Figures 4a and S4a, due to the

reaction of the acid solution with the alumina on the surface of

barrier layer, many acid ions are consumed near the surface of

barrier layer and it needs ionic compensation from the bulk

solution so as to keep the ionic concentration. However, the

ionic compensation should be relatively easier at the top

(center) of the hemispherical barrier layer than that at the

bottom (the joint points of the two adjacent barrier layers).

Thus the ionic concentration at the top of the hemispherical

barrier layer is higher than that at the bottom, resulting in a

faster etching rate at the top than at the bottom of barrier layer

(as indicated by the arrows in Figures 4a and S4a; the etching

rate is proportional to the length of arrows). After about 13 min

of etching, the center point of the hemispherical barrier layer

starts to open, while the other parts of the barrier layer keep

closed (Figure S4c). With further etching, the pore opening

becomes larger. The pore-opening size increases with the

etching time (Figures S4d to S4h). Meanwhile, the acid solution
www.small-journal.com 697
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Figure 4. AFM images of the bottom surfaces of UTAMs (prepared in 0.3 M H2SO4 solution, glycol:water¼3:2) with different etching times of

5 wt% H3PO4 solution. a) As-prepared (0 min), b) 15 min, c) 18 min, and d) 24 min. The size of the pore opening is about 5 nm (b), 10 nm (c), and 17 nm

(d). The right parts of each figure are the schematic outline of the pore-opening process (cross-sectional view), which show the etching mechanism.

The arrows show the etching directions and the lengths of the arrows are proportional to the etching rate.

698
goes into the pores via the pore openings and etches the pore

walls, that is, there is a pore-widening process accompanying

the pore-opening process. The double-sided etching on the

barrier layer (Figures S4d to S4g) flattens the hemispherical

barrier layer, and finally an almost flat bottom surface of the

UTAM is obtained (Figure S4h).

UTAMs with pore openings smaller than 20 nm can be used

to fabricate ordered arrays of quantum dots. Using an UTAM
Figure 5. a) SEM image (top view) of ordered arrays of Au nanodots (on a

the UTAM in Figure 3e). b) Histogram and its Gaussian fit curve (dashed line) o

and HPW (5.96 nm) in the figures are the average diameter and half-peak

www.small-journal.com � 2010 Wiley-VCH Verlag Gm
with pore openings of about 17-nm diameter (as shown in

Figure 4d), large-scale (�2 cm2) ordered arrays of Au quantum

dots were prepared on a Si substrate (Figure 5a). Based on the

histogram and its Gaussian fit curve (Figure 5b) of the measured

diameters of the Au nanodots, the average diameter of the

nanodots is about 17.02 nm. This advances the capability of the

UTAM patterning technique for the fabrication of quantum-

sized surface nanostructures.
Si wafer) prepared using an UTAM with 24-min pore opening (same as

f the measured diameters of all the Au nanodots in (a). The AD (17.02 nm)

width of the Gaussian fit curve, respectively.

bH & Co. KGaA, Weinheim small 2010, 6, No. 5, 695–699
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3. Conclusion

In summary, we report here a combined synthesizing method

of UTAMs based on a well-controlled pore-opening process and a

modulated anodization process. Using the method, UTAMs with

regularly arrayed pore openings in the quantum size range and

ordered arrays of quantum dots were realized, which is an

important breakthrough in surface nanopatterning and the

template-directed technique. The large-scale ordered arrays of

quantum-sized surface structures are promising candidate

structures for new types of optoelectronic and display devices

on the basis of the quantum-confinement effect.

4. Experimental Section

Fabrication of UTAMs and Nanodot Arrays: UTAMs were

prepared using a two-step anodization process. High-purity

(99.999%) aluminum foils with a thickness of about 0.22 mm

were used. Before the anodization process, the Al foils were

degreased with acetone and annealed at 400 8C for 4 h, followed by

an electropolishing process in a mixture solution of perchloric acid

and ethanol (1:9 v/v) at a constant current density (750 mA cm�2)

for 2 min. The anodization solutions are sulfuric acid solution

(0.3 M) with mixed solvents of water and glycol (3:2 v/v). The

pretreated Al foils were anodized for 12 h under constant voltage

(Figure 1a). Then the alumina layer was removed in a mixture of

H3PO4 (6 wt%) and H2CrO4(1.8 wt%) at 60 8C for 12 h (Figure 1b).

The specimen was anodized again for a short time period using the

same solution and anodization voltage as those of the first

anodization process, and finally a UTAM was obtained (Figure 1c).

Due to the low freezing point of the modulator, the anodization

process can be carried out at a low temperature of �20 8C without

a stirring of the electrolytes. Thus the anodization current is much

smaller than that of the anodization process using 0.3 M non-

modulated sulfuric acid solution at 0 8C. The time for the second

anodization is in the range of 5–15 minutes depending on the

required thickness of UTAM. The anodization voltage can be

adjusted in a range of 25–40 V (in the meantime, the voltage of the

first and second anodization process is kept at the same value),

resulting in UTAMs with different structural parameters, including

the pore diameter and cell size.

After the fabrication of an UTAM on an Al foil (Figure 1a–c),

a PMMA layer was spin-coated on the top of the UTAM using a 6%

PMMA/chlorobenzene solution with a heat-treatment process at

120 8C for 25 mins (Figure 1d). After that, the Al layer on the back

was removed in a mixture of CuCl2 and HCl. The removal of the

barrier layer was carried out in a H3PO4 solution (5 wt%), forming

an UTAM with a PMMA layer on the top. Then the UTAM/PMMA

was mounted on a Si wafer (Figure 1e). The PMMA layer was

removed using acetone (Figure 1f), and the UTAM was finally

attached on the substrate with acetone. Au nanodot arrays were

thermally evaporated using an Edwards Auto 306 Evaporator

(Figure 1g). After the preparation of Au nanodot arrays, the UTAM

was etched away using a H3PO4 solution (5 wt%), leaving highly

ordered Au nanodot arrays on the surface of the substrate
small 2010, 6, No. 5, 695–699 � 2010 Wiley-VCH Verlag Gmb
(Figure 1h). The area of the UTAM (and the Au nanodot array) is

about 2 cm2 with our current anodization setup and can be as

large as several tens of square centimeters with a modified setup.

Characterization: The structure of the UTAMs and nanodot

arrays was observed using a scanning electron microscope [(SEM),

Zeiss 1540 EsB CrossBeam] and an atomic force microscope

(Shimadzu SPM-9600, phase operation mode).
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