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Abstract

Cu-doped aluminum oxides (AlOy) thin films were deposited by the drop photochemical
deposition method using an aqueous solution containing Al(NO3)3, Cu(NO3z). and NaS;0s.
After deposition, the films were annealed at 400°C for 60 min. The Cu-doped AIOx films
showed p-type photoresponse in a photoelectrochemical measurement. Moreover, while
negligible electrical conductivity was detected for non-doped AlOx on an insulating substrate,
electrical conduction was clearly observed for the Cu-doped films with resistivity of the
order of 108 Qcm. The junction between non-doped AlOx and Cu-doped AlOx showed
rectification and thus was considered to be a p-n junction. Thus, the conductivity and

conduction type of aluminum oxide was controlled by Cu doping.
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1. Introduction

a-Al>O3 has a wide bandgap of about 8.8 eV and has been used as an insulating ceramic
and a substrate material for GaN [1,2]. Amorphous AlOx films also have high optical
transparency, high chemical stability, and high electrical resistivity. By utilizing those
properties, AlOx films have been used in many applications as an insulating film [3-5], a
passivation coating [6-8], a protective film [9], biosensor [10], and superlattice for light
emitting device [11]. Thus, to date, aluminum oxide has been used as an insulator and has
not been used as a conductor, except for application to a resistive switching memory [12, 13].
On the other hand, Ga;Oz has been extensively investigated as a wide-gap semiconductor
promising for various electronic and optoelectronic devices, and In2Os is widely used as a
transparent conductive oxide (TCO). The successful application of these materials can be
attributed to successful valence control by the impurity doping. Thus, if the conductivity of
aluminum oxide can be controlled by impurity doping, aluminum oxide will also be used as
a (semi)conductor in electronics applications [14].

Many fabrication methods of AIOx have been reported including chemical vapor deposition
[15-17], atomic layer deposition [18, 19], pulse laser deposition [20, 21], spray pyrolytic
deposition [22], electrochemical deposition (ECD) [23], photochemical deposition (PCD)
[24]. Among those methods, PCD and ECD have industrial advantages such as low cost and
short manufacturing time. In addition, PCD can fabricate films on insulator substrates
including glass. In this paper, we report fabrication of conductive Cu-doped amorphous AlOx
films by drop-photochemical deposition (d-PCD).

In PCD, chemical reactions are activated in the deposition solution by UV irradiation. The
PCD reactions of AIOy are considered to be as follows [24].

25,037 + hv(UV) — S406% + 2¢° (1)

S,03% + hv(UV) — SOs% + S 2)



AR+ 25+ 3¢ — AlS; 3)
2
AlS: + 2H,0 - 3H,S + AlOs (4)
2 2 2 2

NaS203 acts as a reduction agent and source of sulfur under UV irradiation. Aluminum
sulfide is once formed and then reacts with water to become oxide. We attempt Cu doping in
this study. Cu is a potential acceptor element, and in fact, Cu is known to act as an acceptor
in oxides and sulfides [25-28]. In addition, ternary compound CuAlO is a TCO material
with p-type conductivity [29]. Thus, one may suppose that Cu can act as an acceptor in
aluminum oxide [14]. It was reported that CuxS can be deposited by PCD [30], and thus, Cu
atoms will be introduced into the deposited film if Cu ions are added to the deposition
solution of AlOx.

In this work, we first confirm p-type conductivity of Cu-doped AlOy, and then we fabricate

p-n junctions consisting of non-doped and Cu-doped AlOx.

2. Experimentals

AlOy thin films were deposited onto fluorine-doped-tin oxide (FTO) coated glass substrate
and alkali-free glass substrate. The alkali-free glass substrate was used for the resistivity
measurement. Before the deposition, the substrates were washed with acetone and pure water
for 5 minutes by ultrasonic cleaning. The deposition solution for non-doped AlOx contained
10 mM AI(NO3)3z « 9H20 and 50 mM NazS203, and the pH of the solution was not adjusted
(about 3.6-4.2). For Cu-doped AlOx deposition, 1, 5, or 10 mM Cu(NO3). « 3H.0 was added
to the solution.

The schematic of d-PCD is shown in Fig. 1. The deposition process was performed by
dropping 0.2 mL solution onto the substrate masked with 1.8x1.8 cm? deposition area. Then,
the solution was irradiated with an ultra-high-pressure mercury lamp with 500 mW/cm?

irradiation power. Because the dropped solution becomes hazy by the reactions via photo
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excitation, after 5 min irradiation, the substrate was washed and dried, and then the solution
was dropped again. By repeating the process 10 times, non-doped and Cu-doped AlOx thin
films were fabricated. After the deposition, the thin films were annealed at 400°C for 60 min.
Oxygen vacancy is expected to be a donor-type defect, and therefore, to enhance p-type
conduction, the oxygen vacancy concentration should be reduced. Thus, Cu-doped films
were annealed in air. On the other hand, non-doped films were annealed in nitrogen to
enhance n-type conductivity. For fabrication of the Cu-AlO/AlOx junctions, first the
non-doped AlOx was deposited on the FTO substrate and annealed in nitrogen at 400°C for
60 min. Then Cu-doped AIOyx, was deposited onto the annealed non-doped AlOy. Finally, the
sample was annealed in air at 400°C for 60 min.

The compositional analysis of the fabricated films was performed by Auger electron
microscope (AES) measurement using the model JEOL JAMP 9500F Auger microprobe at
probe current of 2x 108 A and acceleration voltage of 10 kV. For cleaning of film surface,
an argon-ion etching was employed. The elemental composition was calculated using
literature values of relative sensitivities of elements [31]. Scanning electron microscope
(SEM) images were taken with the magnification of 5000 by using JAMP 9500F. The optical
transmittance measurement was performed by using the JASCO U-570 UV/VIS/NIR
spectrometer with the substrate as the reference. To investigate the conduction type,
photoelectrochemical (PEC) measurement was carried out in a three-electrode-system with
an Ag/AgCl reference electrode. 0.1 M Na>SO4 aqueous solution was used as the electrolyte.
For optical excitation, 100 mW/cm? light from an ABET technologies 10500 solar simulator
was irradiated intermittently with intervals of 5 s while the potential of the sample was swept
within a range from -0.5 to 0.5 V with the scanning rate of 5 mV/s. To investigate resistivity
and junction properties of the thin films, current-voltage (I-V) measurement was performed

for the films on the alkali-free glass substrate and the junction samples on the FTO substrate.



For the 1-V measurement of the films fabricated on the insulating glass, indium inter-digit
electrodes, whose schematics is shown in Fig. 2, were fabricated by vacuum evaporation. On
the others hands, for the measurement of the junctions on the FTO substrate, 1><1 mm?
indium electrodes were fabricated on the second layer (Cu-doped AIlOy), and the I-V

measurement was performed between the In electrode and FTO substrate.

3. Results and discussion

The films thickness is about 0.1 - 0.2 um for both the non-doped and Cu-doped films.
Figure 3 shows the AES spectra of the annealed thin films. The non-doped film is composed
of O and Al, and small amount of S was also detected. The composition ratio O/Al was 1.31,
below the stoichiometric composition ratio (1.5). The S/Al ratio was about 0.01. The Cu
signal was also detected for the Cu-doped AIlOx films deposited with Cu(NOs)2
concentrations of 5 and 10 mM, but the Cu signal was below detection limit for Cu(NO3)
concentrations of 1 mM. Figure 4 shows the elemental composition ratio of the annealed
non-doped and Cu-doped AIlOyx films calculated from the AES spectra. With increasing
Cu(NO3)2 concentration, the O/Al and Cu/Al ratios were increased. Cu/Al ratio is about 0.04
for Cu(NOs)2 concentration of 5 mM. O/Al ratio greater than 1.5 could be due to inclusion of
other oxides, e.g., CuO and Cuz0.

Figure 5 shows the SEM images of the annealed non-doped and Cu-doped AIOyx films.
From the SEM images, the surface of the non-doped AIOx thin films was uniform. For the
Cu-doped AlOy thin films, the surface roughness became larger than for the non-doped AlOx
thin films. For all of the thin films, any crack was not found on the surface.

Figure 6 shows the optical transmittance of the annealed non-doped and Cu-doped AIOx
films deposited on the FTO substrate. The non-doped thin films had high transmittance

(82~102 %) in a visible wavelength region. (We used the FTO substrate as the reference in



the transmission measurement, and the transmittance of the FTO substrate has a wave pattern
due to the interference effects. The interference pattern was modified, i.e., the top and
bottom positions were shifted, with the film deposited on it. Therefore the transmission can
exceed 100 %.) The gradual decrease in transmittance between 300 and 1000 nm could be
due to light scattering by roughness of the thin film surface. By Cu doping, the transmittance
was overall decreased slightly, which is probably due to increasing surface roughness.

Figure 7 shows the PEC measurement results of the annealed non-doped and Cu-doped
AlOyx films. If the sample is an n-type semiconductor, positive photocurrent is observed
during the positive potential sweep. If the sample is p-type semiconductor, negative
photocurrent is observed. For the non-doped film and the Cu-doped film with Cu(NO3):
concentration of 1 mM, photoresponse was not clearly observed. In contrast, Cu-doped AlOx
showed clear p-type photoresponse when the Cu(NOs)2 concentration is 5 and 10 mM. Thus,
doped Cu acts as an acceptor in AlIOx and converts the conduction type to p-type.

Figure 8 shows the 1-V measurement results of the annealed non-doped and Cu-doped AlOx
films on the alkali-free glass. (All the I-V curves showed slight positive current for zero
applied voltage. That current component would be an offset current generated in the ampere
meter and measurement circuit. The current of the non-doped AIOx film would dominantly
be the offset current, which does not depend on bias.) There was no detectable current flow
for the non-doped films. On the other hand, the Cu-doped AlOx thin films had conductivity,
and the resistivity calculated from I-V data is plotted in Fig.9. There is scatter in the data
among the electrodes fabricated on each sample, but one can see that the resistivity is of the
order of 10® Qcm. (We did not perform other measurements such as the Hall measurement,
because the resistivities were too high.) In previous reports, the Al.Os thin film’s resistivity
ranged from 10%° to 10® Qcm [32-34]. Thus, the resistivity of our Cu-doped AIOx films was

lower than the previously reported values by several orders of magnitude. The significant



dependence on the Cu(NOs)2 concentration was not found. At present, it is not understood
why the resistivity did not show clear dependence on the Cu content in the film.

Figure 10 shows the I-V measurement results of the junction between non-doped and
Cu-doped AIlOy films on the FTO substrate. Rectification properties were observed for the
junction fabricated with the Cu(NOs)2 concentration of 5 mM. We confirmed that the single
film of non-doped AIOx and Cu-doped AlOx on FTO showed the ohmic properties, and
therefore the interface of the two films is considered to form a p-n junction. It should be
noted that significant vertical conduction (in the thickness direction) was observed even for
the non-doped film, although the parallel conduction on the alkali-free glass substrate was
not observed for the non-doped film. This would be because the grain boundaries are much
less influential for the vertical conduction. In the I-V measurement for the films deposited on
FTO, the current flow through the films vertically because FTO is conductive. From the
SEM images, the grain size was estimated to be 0.1 - 0.2 um, which is roughly the same as
the film thickness. Thus, in the vertical conduction of the film on FTO, the current does not
need to go through many grain boundaries. On the other hands, for the film deposited on the
alkali free glass substrate, the current flows parallel to the substrate between 0.2 mm-apart
two electrodes. Thus, the current needs to go through many grain boundaries. As a result, the
parallel conductance can be much smaller than the vertical conductance. The p-n junction
fabricated with the Cu(NOs)2 concentration of 10 mM showed poorer rectification properties.
This could be related to the fact that the excessive Cu doping does not enhance p-type
conductivity, as shown in Fig.9.

The results of the present study show that Cu-doped AIOx is a transparent, p-type
semiconducting material. Thus, it is demonstrated for the first time that the conduction type
and conductivity of aluminum oxide can be controlled by proper impurity doping. We are

now attempting to reduce resistivity by modifying the deposition process.



4. Conclusion

In this study, non-doped and Cu-doped AIOx thin films were fabricated by d-PCD, and
electrical and optical characteristics were investigated. Without Cu doping, the AlOx film on
the glass substrate had negligible electrical conductivity. On the other hands, Cu-doped AlOx
showed p-type photoresponse in the PEC measurement, and its resistivity was of the order of
108 Qcm. The p-n junction between non-doped AIOx and Cu-doped AIOx showed
rectification. Thus, aluminum oxide can be regarded as another wide bandgap semiconductor

having variety of potential applications.
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Figure Captions

Fig.1. Apparatus of the d-PCD method.

Fig.2. The schematics of the indium inter-digit electrodes.

Fig.3. AES spectra of the annealed non-doped and Cu-doped AlOx films.

Fig.4. Composition ratio of the annealed non-doped and Cu-doped AIOx films calculated
from AES spectra.

Fig.5. SEM images of annealed non-doped and Cu-doped AlOx films.

Fig.6. Optical transmittance of the annealed non-doped and Cu-doped AlOx films deposited
on the FTO substrate.

Fig.7. PEC measurement results of the annealed thin films. (a): non-doped and Cu-doped
AlOy films with Cu(NOs3)2 concentration of 1 mM. (b): Cu-doped AlOx films with Cu(NO3)2
concentration of 5 and 10 mM.

Fig.8. I-V measurement results of the annealed non-doped and Cu-doped AIOy films on the
alkali-free glass.

Fig.9. Resistivity of the annealed Cu-doped AIOx films calculated from I-V measurement
results.

Fig.10. I-V measurement results of the annealed heterojunction between non-doped and

Cu-doped AlOx films on the FTO substrate.
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Figure 2:
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Figure 3:
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Figure 4:
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Figure 5:
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Figure 6:
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Figure 7:
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Figure 8:
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Figure 9:

1.E+10

1.E+09 -
JEt -
= = - ;
& 1L.E+08 |
-
1.E+07
1.E+06 ' '
0 5 10

Cu(NOs)23H:0 [mM]

20



Figure 10:
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