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Photonic crystals with porous features not only provide the capability to control light but also

enable structural colors that are environmentally sensitive. Here, we report a novel kind of tin

oxide-based photonic crystal featuring periodically arranged air pores fabricated by the periodic

anodization of tin foil. The existence of a photonic band gap in the fabricated structure is verified

by its vivid color, and its reflective spectra which are responsive to environmental stimuli.

Furthermore, the sample colors (i.e., the photonic band gap positions) can be easily adjusted by

manipulating the anodization parameters. The theoretical modeling results of these tin oxide

photonic crystals agree well with the reported experimental ones. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4897362]

INTRODUCTION

Structural colors in nature, in contrast to those produced

by pigments or dyes, arise from the interaction of light with

the carefully designed structures on the micro- and nanoscale

(e.g., periodic nanostructure). They have attracted consider-

able attention in a variety of research areas.1–3 There have

been many attempts to generate artificial structural color

through various technological approaches such as,4,5 layer

by layer technical,6,7 self-assembly of colloid particles,8,9

lithographic patterning,10 and anodization.11–14 Among these

methods, anodization has attracted considerable attention

because it offers the advantages of low cost, high process

controllability, and convenience in obtaining periodic struc-

tures over a large area. Anodic structures of brilliant colors

based on periodic porous Si,15 TiO2,11,13,14 Fe2O3, and

Fe3O4 (Ref. 12) have been achieved using the periodically

modulated anodization voltage or current waveforms.

Tin oxide (SnO2), with a bandgap of �3.6 eV, is an im-

portant n-type semiconductor widely utilized in solid-state

gas sensors, optoelectronic and electro-optic devices, photo-

catalysts, and batteries.16–18 Similar to anodic TiO2 and

Fe2O3, nanoporous SnO2 films can be fabricated by anodiz-

ing tin in oxalic acid or alkaline electrolyte.19–21 Anodic

porous tin oxide was first reported in 2004 by Shin et al.,19

who fabricated amorphous tin oxide layers with randomly

distributed nanopores of 30–60 nm wide by anodizing tin in

oxalic acid at a constant voltage (5–14 V) at room tempera-

ture. Following this work, tin oxide nanostructures such as

nanoporous, mesoporous, and microspheres have been

commonly synthesized by anodizing tin at a constant volt-

age.21–27 The anodic tin oxide reported until now obtained

by applying a DC voltage modulation generally has large

numbers of internal flaws or cracks leading to discontinuous

porous channels.21–27 To be noticed, there is only one study

that applied a pulsed voltage waveform to generate anodic

tin oxide and the crack nano-channels can be reduced.26

To our knowledge, anodic tin oxide films reported to

date are all fabricated by controlling the anodization voltage

instead of current, and no periodically structured tin oxide

films have been reportedly fabricated by anodization. In this

work, we report a simple method to synthesize periodically

structured porous tin oxide using sinusoidally modulated

anodization current. The films thus obtained show intense

structural colors which can be conveniently adjusted by con-

trolling the anodization parameters. Interestingly, the struc-

tural colors of the resulting periodic tin oxide films are found

to be environmentally sensitive. Moreover, theoretical mod-

els are proposed with the simulation results highly agreeable

with the experimental results.

EXPERIMENTAL

Preparation of porous tin oxide films

Prior to anodization, the tin foils were ultrasonically

cleaned in acetone, ethanol, and then DI water, successively.a)Electronic addresses: jianlu@cityu.edu.hk and yangli@cityu.edu.hk
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The tin foils were then dried in nitrogen after rinsing. Anodic

tin oxide films were fabricated in a two-electrode electro-

chemical cell, with the tin foil as the working anode and plati-

num gauze as the counter electrode. The tin anode was

pressed together with an Al foil by an O-ring, defining a

working area of 4.52 cm2. A 0.5 M oxalic acid (Aldrich) solu-

tion was used as the electrolyte. A computer controlled

Keithley 2400 Sourcemeter was used to apply the anodization

current and record the anodization voltage simultaneously.

The anodization current density was modulated following a

sine-wave, oscillating between 0.035 and 0.0694 mA/cm2

with a typical period of 8 s, 11 s, or 13 s for 30 repetitions

(Fig. 1(a)). The specimen was rinsed with DI water and etha-

nol, and then dried in nitrogen after anodization.

Characterizations

Scanning electron microscopy (SEM) images were

obtained using an FEI/Philips XL30 ESEM-FEG instrument.

Reflectivity spectra were measured using an Ocean Optics

tungsten halogen lamp and an Ocean Optics USB2000

charge-coupled device spectrometer.

Simulation

The Transfer Matrix Method (TMM) was utilized to cal-

culate the reflection spectra of the as-prepared periodic struc-

tured films with normal incidence, following the method we

previously reported elsewhere.28 One period of the periodic

structures was divided into m sub-layers with equal thick-

ness, the porosity of the ith sub-layer, pi, was described as

pi ¼

ðzi

zi�1

pa þ A sin 2pz=dð Þð Þdz

d=m
; i ¼ 1; 2; :::;mð Þ; (1)

where zi ¼ id=m, pa is the average porosity, A is amplitude

of porosity, d is the thickness of one period of the rugate

filter. Assuming the feature size is much smaller than the

wavelength concerned, each sub-layer was treated as a

homogeneous material with effective permittivity eef f by

Maxwell-Garnett effective medium theory

eef f � e1ð Þ
eef f þ 2e1ð Þ

¼ pi

eair � e1ð Þ
eair þ 2e1ð Þ ; (2)

where e1 is the permittivity of SnO2, eair is the permittivity of

the air.

RESULTS AND DISCUSSION

Periodically structured porous tin oxide films were gen-

erated using the sinusoidal anodization current waveform

(Fig. 1(a)). Figure 1(b) shows the voltage–time profile

recorded during anodization. We chose to control current

instead of voltage based on the fact that our previous work

shows that a galvanostatic mode compares favorably to a

potentiostatic mode for growing anodic iron oxide films in a

more controlled manner.12 The formation mechanism of

anodic tin oxide film has been illustrated in several litera-

tures.19,26,29 Briefly, when an electric field is applied, a sur-

face oxide layer is first formed and then partially dissolved

accompanied by the water electrolysis in an acidic solution.

The two processes of oxide formation and oxide etching

eventually reach equilibrium, resulting in self-ordered nano-

porous tin oxide films.

The SEM study of the as-prepared porous tin oxide films

revealed that they featured nanopores of irregular shapes

random distributed across the film surface with the pore

diameter ranging from 25 nm to 105 nm (Figs. 2(a) and 2(b)).

FIG. 1. Representative current sine-

wave applied (a) and the corresponding

voltage-time profile recorded (b) dur-

ing the anodization process for fabri-

cating periodically structured tin

oxide. The magnified views of the blue

parts in (a) and (b) are shown in (c)

and (d), respectively.
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The side-views of the tin oxide film show a dense array of

parallel nanochannels standing almost perpendicular to the

substrate surface (Figs. 2(c) and 2(d)). Moreover, it is evi-

dent that the fabricated anodic tin oxide film consists of a

periodic multilayered structure with each layer of �80 nm

thick and an overall film thickness of 4 lm (Figs. 2(c) and

2(d)). When the current sine-wave consisting of 30 repeti-

tions was used to construct the film, 30 layered oxide films

were observed in the fabricated structure. Previous stud-

ies19,22 by others reported that micro-gaps and disk-shaped

pores were observed to be present between the layers of the

anodic tin oxide films fabricated by DC current; a result pos-

sibly produced by the vigorous oxygen evolution during the

anodization process. Comparably, in this study, the size and

quantity of the micro-gaps and disk-shaped pores were

largely reduced when a sine wave current was applied

(Fig. 2). This discrepancy is likely due to the heavy depend-

ence of oxygen evolution on the anodic current. When the an-

odic current is at the lower values of the sine wave, only a

small amount of oxygen was produced, providing breaks for

the high throughput of oxygen at the high values of the current

sine wave. The specific surface area and porosity of the fabri-

cated porous tin oxide films were determined to be 44 m2/g

and 48%, respectively, using the Brunauer–Emmett–Teller

(BET) method.

A set of anodization factors were reported to greatly

affect the morphology and growth of tin oxide films (i.e., the

electrolyte, reaction temperature, and the etching voltage/

current). In particular, the pore size of porous anodic tin

oxide film can be varied by controlling the applied voltage,

according to the previous studies.26 When a current

sine-wave is applied, the real-time voltage modulates

correspondingly, leading to the variance in the pore size

along the film growth direction, whereas the time periodicity

of the current waveform determines the structural periodicity

(i.e., thickness of each layer) of the films. Thus, thin films of

a variety of colors can be achieved simply by adjusting the

structural periodicity along the film thickness direction.

Following this strategy, different colored porous tin oxide

films were successfully synthesized. For example, purple,

green, and red tin oxide films (Fig. 3) with a structural perio-

dicity of 80 nm, 101 nm, and 123 nm, respectively, were fab-

ricated using a current sine-wave with a periodicity of 8 s,

11 s, and 16 s, respectively. The vivid colors of the films

(Fig. 3(a)) indicated the existence of the photonic band gap

(PBG) in this novel type of photonic material (photons with

the energy falling in the PBG are forbidden and thus inten-

sively reflected). The reflective spectral responses were

measured, revealing the existence of a PBG in the visible

region, which was further confirmed by simulation modeling

(Figs. 3(b) and 4(b)). The structural and optical parameters

used for theoretical simulation were set based on the experi-

mental data. For example, the periodicity d, amplitude of the

porosity A, average porosity pa, the period number m, and

the permittivity of SnO2 e1 were set as d¼ 80, 100, 120 nm,

A¼ 0.5, pa¼ 0.05, m¼ 30, e1¼ 20, respectively.

The fabricated porous tin oxide films were further tested

for optical sensing. Similar to some previously reported pho-

tonic sensing systems,11,12,30 the sensing mechanism is based

on the fact that the average index of refraction of a porous

photonic crystal will increase with foreign species filling in

its pores, resulting in a red-shift of its PBG. To illustrate the

sensing capability of the porous SnO2 photonic films

reported here, we exposed the SnO2 films to ethanol (index

FIG. 2. Typical top-view (a and b) and

in-plain (c and d) SEM images of the

as-prepared multilayered porous tin

oxide film.
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FIG. 3. (a) The measured reflectivity spectra of the colored tin oxide films generated by anodizing tin foil using current sine-waves with different periodicity

of 8 s (i), 11 s (ii), and 13 s (iii). The corresponding optical photographs of the round-shaped samples on tin foil are shown in the insets in (a). The diameter of

the tin oxide films in the photographs is 12 mm. (b) The corresponding calculated reflection spectra. (c) The corresponding typical cross-sectional SEM

images.

FIG. 4. (a) Reflectivity spectra and op-

tical photographs of the tin oxide film

before (green line) and after (red line)

exposed to ethanol vapor. (b)

Comparison of the reflectivity spectra

shown in a) in the frequency domain

with the calculated PBG.
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of refraction, 1.36) which has a low surface tension to infil-

trate the nanostructured lattice due to the capillary condensa-

tion effect. Upon exposure to the ethanol vapor, the

reflectivity peak of the tin oxide film red-shifted from

580 nm to 620 nm, resulting in a color change from green to

red readily detectable by naked eye (Fig. 4(a)). The optical

sensing capability, in conjunction with the SEM study (e.g.,

Fig. 2), further reveals the existence of nanoporous features

for the fabricated tin oxide films. The original position of the

reflectivity peak and the magnitude of the peak shift upon

ethanol exposure are in good agreement with the theoretical

PBG calculation (Fig. 4). It is also worth mentioning that the

sample size of these tin oxide photonic films can be easily

tailored by adjusting the anodizing area of the tin foil.

CONCLUSION

We report for the first time that periodically structured

porous anodic tin oxide films can be conveniently fabricated

on a large area, using a novel anodization method which

employs sinusoidally modulated current waveforms. The

porous tin oxide films thus obtained are optically active, dis-

playing vivid structural colors which are environmental-

sensitive. Moreover, the optical response of the periodic tin

oxide films can be conveniently adjusted by tuning the

anodization parameters. Meanwhile, the theoretical simula-

tion results show good agreement with the experimental

observations. Considering the many favorable attributes of

tin oxide, such its function as an n-type semiconductor, a

promising anode material, and a photo-electrochmically

active material, the advanced optical responses enabled by

the method reported here may potentially open new routes

to multi-functional applications of anodic tin oxide.

Moreover, this novel method may offer a facile and

cost-effective approach to fabricating large-area photonic

crystals that can be readily used as sensors, band filters,

diffractive coatings, etc.
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