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Abstract 

A STEM/EDS study of a porous Ga oxide film formed by an anodization process was 

conducted in this study to examine the crystalline structure of the film and the elemental 

distribution in the oxide film before and after heat treatment.  The as-formed anodic film with 

a morphology resembling the well-known porous anodic Al oxide film was amorphous, 

crystallizing after heat treatment at 600 °C without changing the morphology and elemental 

distribution.  The EDS elemental maps disclosed the duplex nature of the pore wall oxide; the 

phosphate anion was contaminated in the outer oxide layer next to the pores, and the inner layer 

consisted of relatively pure Ga oxide, practically free from phosphate. The similarity of 

morphology and elemental distributions between the porous anodic Al and Ga oxides suggests 

that the growth of both anodic oxide films proceeds under the same mechanism.  In addition, 

crystallized porous Ga oxides are expected to be applied to fabricate various functional devices 

requiring geometrically controlled semiconductor nanohole arrays, such as devices for 

hydrogen formation. 
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Introduction 

Porous Ga oxides, which have a nanohole array architecture, have attracted attention owing 

to their large surface area and semiconductor properties suitable for water splitting.  

Therefore, these porous Ga oxides are expected to be applied to devices for hydrogen 

formation based on water splitting [1,2].  The performance of such devices depends on the 

geometrical structures and semiconductor properties of the porous Ga oxide, and the 

semiconductor properties depend on the material composition of the Ga oxide.  Therefore, to 

improve the device performance, the control of the geometrical structures and material 

compositions of porous Ga oxide is important.  To date, various fabrication processes for Ga 

oxide, such as mist chemical vapor deposition (CVD) method and halide vapor phase epitaxy 

(HVPE) method, have been proposed [3,4].  These processes enable the formation of a 

crystalline Ga oxide layer on a substrate.  However, these processes are unsuitable for 

preparing a Ga oxide layer with complex geometrical structures, such as a nanohole array 

structure, because these processes are intrinsically suitable for preparing a smooth film.  As a 

fabrication process for porous Ga oxide layers, the anodization process has recently attracted 

considerable attention because it is suitable for the mass production of nanohole array 

structures.  In this anodization process, a porous Ga oxide layer is formed on the surface of a 

Ga plate by applying a voltage between the Ga plate and the counter electrode in an acidic 

electrolyte [1,2,5].  However, until now, there are only a few reports about anodizing Ga 

plates because of the difficulties in handling Ga metal owing to its low melting point of 30 

˚C.  Our group has reported a fabrication process for a geometrically controlled porous Ga 

oxide layer based on the anodization process at 0 ˚C [6].  The performance of water-splitting 
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devices based on a porous Ga oxide also depends on the spatial distribution and type of 

dopant in the porous Ga oxide.  Schmuki et al. reported that Zn could be doped to a porous 

Ga oxide by anodizing a Zn–Ga alloy [1].  They also reported that phosphate anions were 

incorporated from a phosphoric acid electrolyte into the porous Ga oxide during anodization.  

They observed that dopants helped improve the efficiency of hydrogen formation.  The 

incorporation of anions from the anodization electrolyte into a semiconductor porous oxide 

layer, such as anodic porous titania, has been studied in detail [7,8].  The anions incorporated 

into the porous titania act as dopants.  The dopants generate a new energy level above the 

valance band of the titania; as a result, the bandgap of the titania is narrowed down [9–12].  

Although pure titania responds only to ultraviolet light, titania containing dopants responds to 

visible light, improving photocatalytic reaction efficiency.  In addition, controlling the anion 

distribution in porous titania is important to improve the photocatalytic reaction efficiency.  

The anion distributions in anodic porous structures, such as anodic porous alumina, anodic 

porous titania, and anodic porous iron oxide, have been well investigated [13–17].  In porous 

titania, for instance, photoexcited carriers that have survived deactivation can migrate to the 

surfaces of nanohole walls and then induce water-splitting reactions.  By decreasing the 

migration length, the deactivation of photoexcited carriers can be suppressed.  The 

photoexcited carriers generated near the surface of a nanohole wall can easily reach the 

reaction sites and then efficiently contribute to water-splitting reactions.  Therefore, the 

investigation of element distribution in an anodic porous structure is a considerable issue to 

apply an anodic porous structure to a photoelectrode.  However, until now, the element 

distribution in a porous Ga oxide has not yet been clarified.  In the present research, the 
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element distribution in a porous Ga oxide fabricated by anodization was studied to expand the 

application field of porous Ga oxides and understand the anodization mechanism of Ga. 

 

Experimental 

 The fabrication process for a porous Ga oxide has been described in previous reports [6].  

Here, the fabrication process is briefly explained.  A Ga plate was prepared by cooling a 

liquid Ga placed between two acrylic plates using a Peltier device.  A Ga plate was anodized 

in 1 M phosphoric acid solution at -2 ˚C by applying a 40–80 V for 30 min to 2 h.  After 

anodization, the porous Ga oxide membrane was obtained by selectively dissolving part of 

Ga in a saturated I2 methanol solution.  The crystallization of the membrane was 

implemented by heat treatment.  The samples were annealed in air at 600 ˚C for 3 h [1].  

The geometrical structures of the samples were observed using a scanning electron 

microscope (SEM; JSM-7500F, JEOL Ltd.).  The element distribution in the porous Ga 

oxide and the crystallinity of the Ga oxide were evaluated using a scanning transmitted 

electron microscope (STEM; Titan3 G2, FEI Company Japan Ltd.).  Prior to STEM 

observations, the porous Ga oxide membrane was thinned using a precision ion polishing 

system (PIPS; Model 691, Gatan Inc.).  For cross-sectional STEM observations, a thin 

sample was cut out from the membrane using a focused ion beam and SEM (FIB-SEM; JIB-

4601F, JEOL Ltd.) system equipped with a liquid Ga ion source. 

 

Results and Discussion 

 Figure 1(a) shows a schematic diagram of the porous Ga oxide formed on a Ga metal.  
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The straight nanohole is located at the center of each hexagonal columnar cell.  At the 

bottom of each nanohole, there is a dome-like structure that is called a barrier layer.  Figures 

1(b)–(f) show typical SEM images of the obtained porous Ga oxide membrane.  Figure 1(b) 

shows a frontal SEM image of the porous Ga oxide membrane.  From the SEM image, the 

formation of the nanohole array was observed.  The arrangement of the nanoholes was 

random.  Figure 1(c) shows a SEM image of the barrier layer.   The domain architecture 

consisting of ordered arrays of barrier layers was formed.  It is considered that the nanoholes 

were automatically arranged during anodization.  The diameter of a cell, equivalent to an 

interpore distance, was 320 nm.  Figure 1(d) shows a cross-sectional low-magnification 

SEM image of the porous Ga oxide membrane.  The thickness of the membrane was 27 μm.  

Figures 1(e) and (f) show cross-sectional high-magnification SEM images around the front 

and back sides of the membrane, respectively.  From Fig. 1(e), the formation of straight 

nanoholes growing perpendicularly to the sample surface was observed.  As shown in Fig. 

1(f), although the deep nanoholes were formed, their straightness shape was maintained 

without branching.  The thickness of the barrier layer was 90 nm.  During anodization, the 

anions originating from the anodizing electrolyte are thought to be incorporated into the 

anodic oxide layer.  The number of incorporated anions basically depends on the electric 

field intensity at the barrier layer [18].  The electric field intensity at the barrier layer could 

be simply estimated by dividing the anodizing voltage by the barrier layer thickness.  In the 

present research, the electric field intensity was estimated to be 0.89×109 V/m.  It was 

almost similar to the case of the anodic porous alumina, which had been reported to be 0.77

×109 – 1.0×109 V/m [19].  The anodic porous alumina is one of the most typical nanohole 
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arrays obtained by anodization.  The incorporation of anions originating from the anodizing 

electrolyte into anodic porous alumina has been observed [13,14].  The incorporation of 

anions into a porous Ga oxide is likely to occur similarly to that into anodic porous alumina. 

The element distribution in the porous Ga oxide was examined by STEM.  Prior to 

STEM observations, the porous Ga oxide membrane was thinned using the PIPS.  During 

thinning to ~200 nm, a sample was cooled to suppress thermal damage of the sample.  

Figure 2(a) shows a frontal high-angle annular dark-field (HAADF) image of the porous Ga 

oxide membrane.  Each black circle represents a nanohole, which is located at the center of 

a hexagonal columnar cell.   A cell boundary appeared brighter than other parts of the 

sample.  This means that high-atomic-number elements are more abundant at the cell 

boundary than elsewhere.  Figures 2(b)–(d) show the distributions of the Ga, O, and P 

elements measured by energy-dispersive X-ray spectroscopy (EDS).  Figure 2(b) shows that 

Ga is distributed throughout the pore wall oxide, and the concentration of Ga is slightly high 

at the cell boundary.  Figure 2(c) shows that O is homogenously distributed throughout the 

pore wall oxide.  However, Fig. 2(d) reveals that the cell boundary is deficient in the P 

element.  Figure 2(i) shows the concentration profile of P measured along the direction 

indicated by an arrow shown in Fig. 2(a).  Regions 1 and 3 correspond to the outer oxide 

layer.  The concentration of P was 3–4 %.  Region 2 corresponds to the cell boundary 

(inner oxide layer).  It can be confirmed that the concentration of P was low at the cell 

boundary. 

We also examined a cross-sectional element distribution in a porous Ga oxide membrane.  

The FIB-SEM system was used to obtain an electron-transparent thin cross-section, ~200 nm 
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thick, from the porous Ga oxide membrane.  Figure 2(e) shows a cross-sectional HAADF 

image of the porous Ga oxide membrane.  The distributions of Ga, O, and P are shown in 

Figures 2(f)–(h).  Both Ga and O distribute uniformly in the pore wall oxide, as shown in 

Figs. 2(f) and (g).  The arrows shown in Fig. 2(h) indicate the positions of the cell 

boundaries.  The concentration of P was low at the cell boundary along the hole depth 

direction, being consistent with Fig. 2(d).  At the cell boundary, a high-purity Ga oxide 

practically free from P was expected to be formed.  The element distribution in the porous 

Ga oxide tended to qualitatively agree with that in an anodic porous alumina formed by 

anodizing an Al plate in a phosphoric acid solution [13].  Therefore, the incorporation 

mechanism of anions into the porous Ga oxide is supposed to be similar to that into the 

anodic porous alumina.  During anodization, phosphate anions originating from the 

anodizing electrolyte and O2- or OH- originating from water contained in the electrolyte were 

adsorbed on the barrier layer at the pore base and incorporated into the anodic Ga oxide under 

a high electric field.  The negatively charged phosphate anions and O2-/OH- migrated toward 

the oxide/metal interface, with the migration of the phosphate anions slower than that of O2-

/OH- [18,20].  Therefore, it is thought that the phosphate anions could not reach the 

oxide/metal interface, forming a low-P-concentration area at the cell boundary.  In actuality, 

the migration behavior of the anions in the Ga oxide is thought not to be simple.  Hebert et 

al. proposed the flow model for the formation of anodic porous alumina [21].  During the 

anodization of Al, the anions were transported in the anodic porous alumina by viscous flow 

in addition to the electrical migration.  The viscous flow was induced in the porous alumina 

by compressive stress near the pore base.  The compressive stress might be occurred by 
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several reasons, such as volume expansion due to the anodic oxidation, Maxwell stress, and 

electrostriction.  The viscous flow is thought to occur during the formation of the porous Ga 

oxide as is the case in the anodic porous alumina.  Figure 2(j) shows a selected area electron 

diffraction (SAED) pattern of an as-formed porous Ga oxide measured at the position 

encircled in white in Fig. 2(e).  Only broad halo rings were observed, indicating that the 

obtained Ga oxide was amorphous. 

The dependence of the anodizing voltage on an element distribution was investigated.  A 

Ga plate was anodized by applying 40 V.  Figure 3(a) shows a frontal HAADF image of the 

porous Ga oxide.  The formation of the porous structure was confirmed even though the 

anodizing voltage was reduced to half.  The diameter and interpore distance of the 

nanoholes in the porous Ga oxide, that were 180 and 220 nm, were reduced by reducing the 

anodizing voltage.  Figures 3(b)–(d) show the distributions of the Ga, O, and P elements 

measured by EDS.  The element distributions of Ga, O, and P are almost the same as that 

shown in Fig. 2(b)–(d).  The P concentration at the pore wall oxide, which was 3–4 %, was 

unchanged despite the anodizing voltage being decreased by half. 

To improve the reaction efficiency of water splitting on the porous Ga oxide, the 

crystallization of the porous Ga oxide will be required.  In the present study, an attempt was 

made to crystallize the porous Ga oxide by annealing in air at 600 ˚C for 3 h.  Figure 4(a) 

shows a photograph of the annealed porous Ga oxide membrane.  Its shape remained 

unchanged, and no cracks were generated even after annealing at such a high temperature.  

The mechanical strength of the membrane seems not to be degraded.  The membrane could 

be easily handled by hands and tweezers.  Figures 4(b)–(d) show typical SEM images of the 
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annealed porous Ga oxide membrane.  From these SEM images, the geometrical structures 

of the porous Ga oxide were confirmed to remain intact even after annealing. 

Next, the element distribution in the annealed porous Ga oxide was investigated.  

Figures 5(a)–(e) show STEM observation results of the annealed porous Ga oxide membrane.  

Figure 5(a) shows a cross-sectional HAADF image of the annealed porous Ga oxide 

membrane.  The cell boundary appears brighter than other parts, revealing that the high-

atomic-number element, Ga, is abundant at the cell boundary.  Figures 5(b)–(d) show the 

distributions of Ga, O, and P.  Figures 5(b) and (c) show that Ga and O are distributed 

almost uniformly throughout the pore wall oxide; however, Fig. 5(d) discloses the deficiency 

of P at the cell boundary.  These results show that the element distribution in the anodic 

porous Ga oxide remained the same even after the thermal crystallization of Ga oxide.  

Crystallization of oxide was confirmed by a SAED pattern shown in Fig. 5(e).  The SAED 

pattern shows many diffraction spots, which indicate the presence of β-Ga2O3 phase.  A 

diffuse halo also remained, suggesting that a part of the oxide, probably a phosphate-

containing oxide, was not fully crystallized [22–24]. 

 

Conclusions 

 The porous Ga oxide was obtained by anodizing a Ga plate in the phosphoric acid 

solution.  The element distribution in the anodic porous Ga oxide was investigated by 

STEM.  Ga and O were distributed relatively uniformly throughout the pore wall oxide.  It 

was observed that the concentration of Ga was slightly high at the cell boundary of the porous 

Ga oxide membrane.  In contrast, the P concentration was low at the cell boundary.  During 
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anodization, the phosphate anions and O2-/OH- originating from the electrolyte were 

incorporated into the Ga oxide at the barrier layers under a high electric field.  The 

incorporated phosphate anions and O2-/OH- migrated toward the oxide/metal interface, but 

the phosphate anions could not reach the interface because their migration was thought to be 

slower than that of O2-/OH-.  The as-formed porous Ga oxide, which was amorphous, could 

be crystallized by heat treatment at 600 ˚C.  The element distribution in the porous Ga oxide 

remained the same even after annealing.  In addition, the crystallized porous Ga membrane 

still maintained its high mechanical strength.  The crystallized porous Ga oxide membrane is 

expected to be applied to various functional devices requiring geometrically controlled 

semiconductor nanohole arrays, such as hydrogen-forming devices and functional 

ultraprecise filters. 
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Figure 1  (a) Schematic of porous Ga oxide obtained by anodization.  Each nanohole is 

located at the center of a hexagonal columnar cell.  The bottom part of the cell is called a 

barrier layer.  (b) Front- and (c) back-side SEM images of the porous Ga oxide membrane.  

(d) Cross-sectional low-magnification SEM image of the membrane.  (e), (f) Cross-sectional 

high-magnification SEM images around front and back sides of the membrane, respectively.  

The porous Ga oxide was formed by anodizing a Ga plate in 1 M phosphoric acid solution at -

2 °C by applying a voltage of 80 V for 1 h.  Part of Ga was selectively dissolved by wet 

etching. 
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Figure 2  (a) Frontal HAADF image of the porous Ga oxide which was obtained by applying 

80 V to a Ga plate.  (b)–(d) Frontal EDS mapping images of (b) Ga, (c) O, and (d) P.  (e) 

Cross-sectional HAADF image of the porous Ga oxide.  (f)–(h) Cross-sectional EDS mapping 

images of (f) Ga, (g) O, and (h) P.  (i) Atomic fraction profile of P along the direction indicated 

by the arrow in (a).  (j) SAED pattern measured at the position encircled in white in (e). 

  



17 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3  (a) Frontal HAADF image of the porous Ga oxide obtained by applying 40 V to a 

Ga plate for 2 h.  (b)–(d) Frontal EDS mapping images of (b) Ga, (c) O, and (d) P. 
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Figure 4  (a) Photograph of the porous Ga oxide membrane after annealing in air at 600 ˚C 

for 3 h.  (b) Frontal, (c) back-side, and (d) cross-sectional SEM images of the annealed porous 

Ga oxide membrane. 
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Figure 5  (a) Cross-sectional HAADF image of the annealed porous Ga oxide membrane.  

(b)–(d) EDS mapping images of (b) Ga, (c) O, and (d) P.  (e) SAED pattern of the annealed 

membrane. 

 

 


