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a b s t r a c t

Transparent p-type semiconducting copper aluminum oxide thin film has been synthesized by a wet-

chemical route. CuCl and AlCl3, dissolved inHCl, are taken as startingmaterials. pH value of the solution is

controlled by adding ameasured amount of NaOH into it. Films are deposited by dip-coating technique on

glass and Si substrates followed by annealing in air at 500 1C for 3 h. XRD pattern confirms the crystalline

CuAlO2 phase formation in the film and also indicates a strong (0 0 6) orientation. UV–vis spectro-

photometricmeasurements show high transparency of the film in the visible regionwith a direct allowed

bandgap of 3.94 eV. Electrical measurements depict the thermally activated conduction within the films.

Thermoelectric measurements confirm the p-type nature of the films. Compositional analysis shows the

presence of excess (nonstoichiometric) oxygen within the material, which is incorporated during the air-

annealing of the film. According to defect equilibrium, this excess oxygen is predicted to cause the p-type

conductivity of the film. This type of cost-effective solution-based technique is very useful for volume

production of this kind of technologically importantmaterial for transparent electronic and other diverse

applications.

& 2010 Elsevier B.V. All rights reserved.

1. Introduction

The semiconducting delafossite-type oxides in the chemical

formofMIMIIIO2, whereMI is amonovalent cation (e.g. CuI, AgI) and

MIII is a trivalent cation (e.g. AlIII, InIII, CrIII, CoIII, FeIII, GaIII, etc.), have

attracted renewed interest in the field of transparent conducting

thin film technology after the report of p-type conductivity in

the transparent thin film of CuAlO2 [1]. Most of the well-known

and commonly used transparent conducting oxides (TCO) such as

ZnO1�x, In1�xSnxO3, SnO2: F/Sb/Mo, Cd2SnO4, etc. are n-type

materials which are widely used in flat panel displays, solar cells

and in many such applications [2–5]. After the report of p-type

semiconducting, transparent CuAlO2 thin film, a newfield in device

technology has been emerged, called the ’transparent electronics’

[6], where a combination of the two types of TCOs in the form of a

p–n junction could lead to a ‘functional’ window, which would

transmit visible portion of solar radiation yet generate electricity

by the absorption of UV part of it. Also CuAlO2 has good thermo-

electric, field-emission, ozone sensing, photochemical and photo-

catalytic hydrogen evolution properties as well as ferromagnetic

characteristics and capability of refrigeration of electronic devices

[7–16]. Also keeping an eye in the tremendous progress in

nanotechnology; fabrication and characterization of nano-struc-

tured p-CuAlO2 as well as other p-TCO thin films have become an

important field of work, because of new and interesting properties

exhibited by these nanomaterials [16–21]. Fabrication of nano-

structured p-TCOs, coupled with the already existing and well-

known materials of nano-structured n-TCOs, has given an added

impetus in the field of ‘‘Invisible Electronics’’ for the fabrication of

nano active devices, which can have high efficient applications in

the optoelectronics device technology. Combining all these proper-

ties CuAlO2 became an importantmaterial in the last few years and

attracted attention of many researchers.

For thesynthesisofCuAlO2 thinfilms,variousphysicalandchemical

procedures have been employed so far, which include pulsed laser

deposition(PLD) [1,22], sputtering [23–31],microwave irradiation[32],

rapid thermal annealing (RTA) [33], e-beamevaporation [34], chemical

vapor deposition (CVD) [35–37], solution growth [38,39], hydrother-

mal process [18,40,41], spray technique [42], sol–gel deposition

[43,44–46], ion exchange method [47], etc. We have chosen a cost-

effectivewet-chemical dip-coating technique,which is one of themost

popular and wide-spread techniques in the area of thin film prepara-

tion, because of its many advantages such as easier composition

control, better homogeneity, low processing temperature, lower cost,

easier fabrication of large area films, possibility of using high purity

starting materials and having an easy coating process of large and

complex shaped substrates. As far as the synthesis of wet-chemical

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/physb

Physica B

0921-4526/$ - see front matter & 2010 Elsevier B.V. All rights reserved.

doi:10.1016/j.physb.2010.10.047

n Corresponding author. Tel.: +82 53 810 1456; fax: +82 53 810 2062.

E-mail addresses: kalyan_chattopadhyay@yahoo.com (K.K. Chattopadhyay),

swjoo@ynu.ac.kr (S.W. Joo).

Physica B 406 (2011) 220–224

www.elsevier.com/locate/physb
dx.doi.org/10.1016/j.physb.2010.10.047
mailto:kalyan_chattopadhyay@yahoo.com
mailto:swjoo@ynu.ac.kr
dx.doi.org/10.1007/s10008-009-0935-x.3d


process of CuAlO2 by other groups are concerned, Tonooka et al. [38]

reported the synthesis of phase impure copper aluminum oxide films

by solution method, using metal alkoxides and nitrates as metal

sources in the precursor solutions. Li et al. [39] used similar solution

process to synthesize CuAlO2 thin film using copper acetate and

aluminum nitrate as metal sources. Ohashi et al. [43] used organo-

metallic compounds to fabricate both phase pure and phase impure

copper aluminum oxides via sol–gel process at different Cu/Al ratios.

Phase pure CuAlO2 shows lowmobility, which is assumed to be due to

the incorporationof excessiveCuvacancies leading to thegenerationof

strain and dislocation. Similarly, Götzendörfer et al. [44] fabricated

phase pure CuAlO2 thin films via sol–gel process by using Cu-acetate

and alumatrane [Al(OCH2CH2)3N]x as the metal sources. They have

used a two-step thermal treatment of the as-synthesized films to get

phasepurematerial. Fewother groups [45,46] also reported the sol–gel

synthesis of CuAlO2 ceramics using inorganic salts and (or) metalor-

ganic compounds as metal sources. As far as chemical/solution

syntheses of various other delafossite materials are concerned,

Götzendörfer et al. [44,48] fabricated undoped and Al-doped CuCrO2

thin films via sol–gel process, Wu et al. [49] synthesized CuFeO2

powder by the sol–gel method, Beekman et al. [50] prepared

CuCoO2 via ion exchange method, Okuda et al. [51] synthesized

CuCr1�xMgxO2 crystals via standard solid-state reaction, Tsuboi et al.

[52] synthesizedCuYO2filmsvia solution growth technique, Zhao et al.

[53] reported the synthesis of CuAlO2 nanofibrous mats via electro-

spinning process.

In our previous work [21] we have synthesized phase pure

CuAlO2nanopowdersby sol–gel techniqueusingmetal nitrates and

citric acid dissolved in methanol solution. Also we have reported a

novel low-temperature wet-chemical synthesis route of phase

pure highly crystalline CuAlO2 powders using metal oxides dis-

solved in molten NaOH solution at 360 1C [54]. In this paper we

have reported the fabrication of transparent conducting copper

aluminumoxide thin films viawet-chemical dip-coating technique

usingmetal chlorides as sourcematerials dissolved in HCl followed

by air-annealing at 500 1C.

2. Experimental

Synthesis of copper aluminum oxide thin films on glass and Si

substrates are performed in two stages. In the first stage, a sol is

prepared by using HCl, cuprous chloride (CuCl, 99.99%, Loba, India)

and aluminum chloride (AlCl3, 99.99%, Merk) as metal sources.

Firstly, concentrated HCl is added slowly to cuprous chloride and

the solution is stirred by magnetic stirrer. During the stirring

process, further addition of HCl to the solution is done until all the

salts are dissolved into it. Thereafter, another solution is prepared

by adding distilled water drop by drop to aluminum chloride to

dissolve it completely. Then the two solutions are mixed and some

excess distilled water is added to it. The mixed solution is then

stirred with an elevated temperature of 85 1C for 2 h. During the

stirringprocess, someamountofNaOHpellets (99.99%, Loba) is added

to the solution to control thepHvaluearound2. The solutionwas then

aged for 3 h to get the required sol which is used for dip coating

process in the secondstage.Beforedip coating, theglass substrates are

cleaned by mild soap solution, then washed thoroughly in deionized

water and also in boilingwater. Finally they areultrasonically cleaned

in acetone for 15 min. For cleaning Si substrates, 20% HF solution is

used and the substrates are immersed into it for 5 min to remove the

native surface oxide layer. Thereafter, they are cleaned in deionized

water and then with alcohol in an ultrasonic cleaner.

During dip-coating process, substrates are dipped into and then

withdrawn vertically from the solution slowly at the rate of 6 cm/min

for 8–10 times. Between two successive dipping, the substrate along

with the sol is dried at 100–120 1C to have quick geletion. After the

dipping andwithdrawing procedure, the resulting films are annealed

at 500 1C in air for 3 h to form the required CuAlO2 films.

3. Results and discussion

The phase identification of the sample has been carried out by

room temperature X-ray diffraction (XRD, BRUKER D8 ADVANCE)

using CuKa radiation of wavelength 1.5406 Å in the 2y range of

20–1001. Fig. 1(a) shows the XRD pattern on Si substrate. The

pattern shows a strong (0 0 6) orientation alongwith small peaks of

(0 1 2), (1 0 7), (0012) and (1 1 6) reflections. Intensities of the

smaller peaks are much less (2–7%) than that of the (0 0 6) peak,

which depicts a preferential (0 0 6) orientation of our film having

tetragonal crystal structure of CuAlO2 with R3m space group [55].

As shown in our XRD pattern, a small peak of CuAl2O4 phase has

been observed [56], but its intensity is much lesser (as low as 7%)

than the (0 0 6) peak of CuAlO2 phase. Therefore, it may be

concluded that our dip-coated copper aluminum oxide thin film

has very high percentage of CuAlO2 phase with a preferred (0 0 6)

orientation. Also no peaks of startingmaterials (e.g. CuCl and AlCl3)

or any reactant species such as NaCl or metal oxides have been

found in the pattern, which conclusively indicate that the reactants

were completely mixed to form the new phase of CuAlO2.

Fig. 1. (a) XRDpattern of copper aluminumoxide thin filmdeposited on Si substrate

by wet-chemical dip-coating process. Inset: SEM micrograph of copper aluminum

oxide thin film. (b) Cross-sectional SEM image of the CuAlO2 thin film.
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It appears from the Cu–Al–O phase diagram [57] that CuAlO2

phase is more stable in lower temperature. At higher temperature

(4900 1C), CuAlO2 can be decomposed into CuAl2O4 and CuO

according to the following reaction [39]:

2CuAlO2þ
1
2O22CuAl2O4þCuO ð1Þ

This kind of behavior is observed by Lan et al. [58] where they

found the similar decomposition of sputter-deposited CuAlO2 thin

film into CuAl2O4 and CuO when annealed around 900 1C. Unlike

other groups, who have started with Cu(II) state [39,42,44–46] in

the precursormaterials, we have startedwith Cu(I) salt (CuCl), and,

hence it is expected that greater percentage of +1 state of copper

will be present in both the precursor as well as in the initial film.

During air-annealing process a small fraction of Cu(I) state might

have been converted to Cu(II) state to form the spinel phase

according to Eq. (1). But as the annealing temperature is consider-

ably low, a large fraction of the filmphasewill remain in delafossite

state and only a very small amount will be converted into spinel

phase. That is why we have obtained a mixed phase of CuAlO2 and

CuAl2O4 in our film with the later phase only less than 7% of the

delafossite one (cf. Fig. 1a). This may be the reason for a large

fraction of the copper to maintain its +1 state even without using

elevated and controlled annealing atmosphere, whereas other

groups used high temperature multi-step thermal treatments

[44] of the films to get phase pure material. Our aim is to get an

optimum annealing temperature in ambient atmosphere to get

high percentage of delafossite phase andwe have achieved that for

an annealing temperature around 500 1C.

Surface morphology of the as-synthesized film is studied with

Scanning Electron Microscopic imaging (SEM, JEOL-5200). Inset of

Fig. 1(a) shows the scanning electron micrograph of a typical

CuAlO2 thin film deposited on glass substrate. Existence of a

smooth surfacewith finer grains andwell defined grain boundaries

are observed. Some bigger clusters are also shown to be dispersed

on the surface, which resulted due to the agglomeration of finer

grains. Cross-sectional SEM image has been shown in Fig. 1(b). The

micrograph reveals the thickness of the film around 1.5 mm. Dense

granular structures are observed in the image with some voids are

visible at themiddle of the structure. Fromthe image it appears that

the voids create a separation layer between the upper and lower

parts of the film cross-section. These layers can be attributed to the

multi-step coating procedure adopted to deposit the film via

dip-coating process. Similar type of multilayer structure has been

reported by Götzendörfer et al. [44] for their sol–gel dip-coated

CuAlO2 thin film, and they attributed this phenomenon to the

different crystallization energetics present for different layers of

the film. In our case also similar phenomenon may be responsible

for the layered structure shown in the micrograph. But it is also to

be noted that from the image it appears that both the layers are

having similar types of crystallinity. Therefore, we assume that due

to low annealing temperature, the densification of the film has not

taken place fully and a further elevated thermal treatment may

reduce these voids. But in that scenario, there will always be a

high probability of decomposition of the film to spinel phase, as

discussed earlier. So there will be a trade-off between the proper

phase formation and densification of the film, which is the further

course of our research to study the structural properties of the film

with respect to various annealing temperatures.

Optical characterizations of the films deposited on glass sub-

strates have been performed by measuring transmittance in the

wavelength region 300–800 nmusing aUV–vis spectrophotometer

(HITACHI-U-3410). Fig. 2 shows the transmittance spectrum of

CuAlO2 thin film deposited on glass substrate, taking similar glass

as reference. Hence the spectrum is solely for the films. It shows

almost 80–90% transmittance in the visible region. With the

known film thickness as measured from the cross-sectional SEM,

absorption coefficients (a) are calculated from the transmittance

data using the Manifacier model [59] as

a¼
1

d
ln

1

T

� �

ð2Þ

where d is the film thickness and T is the transmittance of the film

(herewe have neglected the reflectance of the filmwhichwould be

very small for transparent films).

Also the extinction coefficients (k) are calculated from the

values of a calculated from Eq. (1) over the measured wavelength

(l) range according to the formula:

k¼
la

4p
ð3Þ

Spectral variations of the extinction coefficients (k) and absorption

coefficients (a) over themeasuredwavelength range are shown in the

insets of Fig. 2. The values of k vary from1.42�10�3 to 10.62�10�2,

whereas the values of a vary from 22.0 to 4.5�102 cm�1 in the

wavelength range of 300–800 nm. These values are comparable to

the sputtered CuAlO2 films reported by us previously [28,29]. The

fundamental absorption, which corresponds to electron excitation

from the valance band to conduction band, can be used to determine

the nature and value of the optical bandgap. The relation between the

absorption coefficients (a) and the incident photon energy (hn) can be

written as [60]

ðahnÞ1=n ¼ Aðhn�EgÞ ð4Þ

where A is a constant and Eg is the bandgap of the material and

exponent n depends on the type of transition. For direct allowed

transition, n¼1/2, indirect allowed transition, n¼2 and for direct

forbidden transition, n¼3/2. To determine the possible transitions,

ðahnÞ1=nvs. hnare plotted for different values ofn. The ðahnÞ2 vs. hnand

ðahnÞ1=2 vs. hnplots are shown in Fig. 3 and the inset, respectively.

Extrapolating the linear portions of the graphs to the hnaxes, we have

obtained the direct and indirect band gaps from the intercept on hn

axes which come out to be 3.94 and 2.42 eV, respectively. These

values agree well with the values reported previously [1,22,28,29].

Electrical characterizations (mainly the sheet resistance and

temperature dependence of conductivity) of the copper aluminum

oxide thin film have been performed by linear four-probe method

using Keithley multimeter (Model 6514). The contact was made

with silver paint, which showed linear I–V characteristic over a

wide range of applied voltage. Fig. 4 represents lnsvs. 1/T plot of

the CuAlO2 film on glass substrate from room temperature (300 K)
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aluminum oxide thin film deposited on glass substrate. Inset: Spectral variations

of absorption coefficient (a) and extinction coefficient (k) of the copper aluminum

oxide thin film. The calculations for a and k are done from the transmittance data.
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to 575 K. The straight-linenatureof theArrhenius plot indicates the

thermally activated conduction, as often found in semiconductors.

Room temperature conductivity ðsRTÞof the film is obtained as

0.004 S cm�1. This value is comparable to the previously reported

copper aluminum oxide films prepared by chemical routes by

Tonooka (0.005 S cm�1), Bouzidi (0.004 S cm�1) and co-authors

[38,42]. But, this value of sRT for our chemically deposited film is

one to two orders of magnitude less than that of CuAlO2 films

prepared by physical techniques [8,10,11,22]. This is mainly due to

the higher number of defect states formedwithin the film, which is

generally observed for films synthesized by wet-chemical techni-

ques. Also from the slope of the graphwe get the value of activation

energy (Ea) which corresponds to the minimum energy required to

transfer carriers from acceptor level to the valence band (for p-type

materials) and the value of Ea comes out as 740 meV. This value is

higher than that obtained by others and us [1,28] as expected for

our comparatively high resistive film.

p-Type nature of the as-synthesized copper aluminumoxide thin

film is confirmed by both hot-probe method and thermoelectric

measurements. Thermopower measurements are performed over

the temperature range 300–500 K. For thermoelectric power mea-

surement (temperature variation of Seebeck coefficient), a tempera-

ture gradient across the sample was created by keeping one end of

the film in a hot head and the other in a cold head. The hot-head

temperature was varied from room temperature to 500 K, whereas

the cold head was kept at room temperature. And these tempera-

tures of the hot and cold-ends of the film were measured by proper

thermocouple arrangements. The thermo-emfs generated between

the hot and cold-ends of the sample, at different hot end tempera-

tures, were used to determine the Seebeck coefficients (S) of the

material. The entire system was kept under vacuum condition.

Positive values of the Seebeck coefficients indicate p-type nature

of the films with room temperature Seebeck coefficient (SRT) is

obtained around +206 mV K�1. This value is higher than the sputter-

deposited CuAlO2 thin films (�120 mV K�1) reported by us pre-

viously [28,29]. In general, for simplematerials, a decrease ins leads

toan increase in S. For our sol–gel depositedfilms, the conductivity is

lower than the sputter-deposited films,which leads to an increase in

the S values.

It is well-known that the p-type nature of copper aluminum

oxide is due to the intercalation of nonstoichimetric (excess)

oxygen within the material. The chemical formula of this material

is considered asCuAlO2+x,with the valueof x ranging fromas lowas

2�10�5 [1] to as high as 0.24 [49] over the stoichiometric value.

The approximate defect equilibrium can be represented as [61–63]

O2ðgÞ ¼ 2OX
OþV�

CuþV�3
Al þ4hþ ð5Þ

where OO, VCu, VAl and h denote lattice oxygen, Cu vacancy, Al

vacancy and hole, respectively. Superscripts X, � and + denote

effective neutral, negative and positive charge states, respectively.

As mentioned earlier, we have annealed our sample in air for 3 h to

get the proper phase of the materials. This annealing procedure has

also facilitated the excess oxygen intercalation within the material

that provides the p-type conductivity of the film. To determine the

presence of excess oxygen within the thin film, we have performed

the compositional analyses of the film by energy dispersive X-ray

analysis (EDX, Leica S-440,Oxford ISIS),which could detect elements

from boron (5) to uranium (92). The atomic % of excess oxygen is

determined to be around 0.25, which leads to a chemical formula of

CuAlO2+0.005. But this formula may not be logical as there is a small

amount of CuAl2O4 present within the film (as shown in the XRD

analysis in Fig. 1a), which modifies the EDX results. Also the

electrical conductivity is much lesser than that expected with the

amount of excess oxygen present within the sample [61]. This is

mainly because our sol–gel deposited copper aluminum oxide thin

film contains non-delafossite phase as well as some defect states

that modify the conductivity, which is common for solution-

deposited thin films [38,42,44]. Synthesis of phase pure, high

conducting film is the further course of our research work.

4. Conclusions

Wet-chemical synthesis of transparent copper aluminum oxide

thin films has been performed successfully. XRD pattern confirms the

proper phase formation of the film with a strong (0 0 6) orientation.

Optical transmittance spectrum depicts almost 90% transparency of

the film in the wavelength range of 500–800 nm, with a direct

allowed bandgap of 3.94 eV. Electrical characterization shows room-

temperature conductivity around 4.0�10�3 S cm�1. This value is

relatively lower than previously reported CuAlO2 film deposited by

physical techniques but comparable to the solution-based processes

reported earlier. Generally, wet-chemical technique produces films

withhigher resistivitymainlybecauseof thepresenceofvariousother

species within the film (as well as some defect states at grain

boundaries) generated during aqueous chemical process. Hot-probe
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and thermoelectric measurements confirm the p-type nature of the

film. Compositional analysis confirms the presence of excess oxygen

within the film. This excess oxygen, incorporated by air-annealing

during deposition, is supposed to be responsible for the p-type

nature of the film. The cost-effective, simple, solution-based

method to deposit this type of technologically important materials

is very important in potential volume production for diverse device

applications.
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