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Thin films of cuprous iodide (Cul), which is expected to
be used in solid-state dye-sensitized solar cells as a hole
conductor, were formed by spin coating and subsequent
annealing. The effects of the annealing conditions on the
electrical properties of the Cul films were investigated by
resistivity and Hall-effect measurements. The Cul films
showed p-type conduction with resistivities of 0.3-5 Q
cm, carrier concentrations of 1 x 10— 1 x 10'° cm and

1 Introduction Cuprous iodide (Cul), a p-type semi-
conductor with a wide band gap of 3.1 eV, has received
much attention in recent years as a hole conductor of fully
solid-state dye-sensitized solar cells [1-10]. Conventional
dye-sensitized solar cells consist of nanoporous TiO2, dye,
and a liquid electrolyte containing the iodide/tri-iodide re-
dox couple. The use of the liquid electrolyte, however,
causes problems such as electrode corrosion and electro-
lyte leakage from incomplete sealing [10, 11]. These prob-
lems can be solved by replacing the liquid electrolyte with
a solid p-type semiconductor as the hole conductor [10, 11].
Solid-state dye-sensitized solar cells using Cul as the hole
conductor have been reported to show power conversion
efficiencies of 2.8-6.0% [1-6, 10]. In these reports, the Cul
layers were deposited by drop coating [1-3, 10], pulsed la-
ser deposition [4, 5, 12], and electrodeposition [6, 13].
Other methods used for the preparation of Cul thin films
have also been reported, including vacuum evaporation [14,
15], spin coating [16], and sputtering [17].

The electrical properties of the hole-conducting layer
such as carrier concentration and mobility can greatly af-
fect the performance of the solid-state dye-sensitized solar
cells, and knowledge of these properties is thus of great
importance. A bulk Cul single crystal prepared by the hy-
drothermal method was shown to have a resistivity, carrier
concentration, and mobility of 3.2 Q cm, 4.3 x 10 cm3,

mobilities of 0.5-2 cm? V1 s1. It was found that the re-
sistivities of the films annealed in air were slightly lower
than those annealed in an Ar atmosphere because the car-
rier concentrations were higher in the former than in the
latter. An increase in the mobility with the rise of anneal-
ing temperature was observed in the films annealed in Ar.
However, annealing in air at high temperatures oxidized
Cul to CuO.
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and 43.9 cm? V1 s, respectively [18]. As for Cul thin
films, resistivities in the range of 102-10° Q cm [12, 15-
17], depending on process conditions, were reported. Little
is known about the carrier concentration and mobility of
the Cul films, however. Although Kokubun et al. reported
that Cul films prepared by vacuum evaporation had a car-
rier concentration of 1x107-2x10' ¢cm and a mobility of
~10 cm? V1 s [14], the values for Cul films prepared by
other methods are unknown.

In this study, we investigated the electrical properties
of Cul thin films prepared by spin coating of a precursor
solution and subsequent annealing. The annealing was per-
formed at various temperatures in air and in an Ar atmos-
phere, and the carrier concentration and mobility of the re-
sulting Cul films were determined by resistivity and Hall-
effect measurements. The effects of the annealing condi-
tions on the electrical properties of the Cul thin films were
examined.

2 Experimental procedure Cul thin films were
formed by spin coating a precursor solution on glass sub-
strates, followed by annealing. The substrates (13 x 13
mm) were cleaned in distilled water containing a detergent,
acetone (99.0% purity, Wako Pure Chemical Industries,
Ltd.), and 2-propanol (99.7% purity, Wako Pure Chemical
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Industries, Ltd.) using a sonicator for 15 min each. The
precursor solution was prepared by mixing 2-aminoethanol
(99.0% purity, Wako Pure Chemical Industries, Ltd.), 2-
metoxyethanol (99.0% purity, Wako Pure Chemical Indus-
tries, Ltd.), and Cul powder (95.0% purity, Wako Pure
Chemical Industries, Ltd.) according to the molar ratio of
10:10:4. The spin coating was performed at 4000 rpm for 1
min. The spun films were annealed in air or in an Ar at-
mosphere at 110-350°C for 1 h.

X-ray diffraction (XRD) measurements using the 6-20
scan mode were carried out to identify the phase of the Cul
films. A scanning electron microscope (SEM; Hitachi,

X900) was used to observe the microstructures of the films.

The electrical resistivity and Hall effect were measured
at room temperature with a resistivity and Hall measure-
ment system (Toyo Technica, Resi Test 8300) employing
the van der Pauw method. Four Pt-Pd alloy electrodes
measuring 1 mm in diameter were sputtered on each corner
of the films to provide the ohmic contacts. The AC mag-
netic field method was used for the measurement to obtain
a Hall voltage with a high signal-to-noise ratio. In this
measurement, the magnitude and polarity of the magnetic
field, which was applied perpendicular to the surface of the
films, were alternated periodically, while a direct current
was passed across the films using one diagonal pair of the
four Pt—Pd alloy electrodes connected to a current source.
The alternating Hall voltage induced synchronously with
the AC magnetic field was then detected using the other
pair of electrodes with a frequency response analyzer. The
magnitude and frequency of the magnetic field were 0.32 T
and 200 mHz, respectively. The Hall voltage measurement
was repeated for the reversed current flow as well as for
switched electrode pairs employed for the current flow and
measuring the voltage, and the four measured values of re-
sulting Hall voltage were averaged. The measurement was
validated by confirming that the Hall voltages obtained
were proportionate with the various applied currents in the
range of 50-500 pA. The concentration and mobility of the
major carrier were calculated from the Hall voltage and the
thickness of the Cul film determined by cross-sectional
SEM observation.

3 Results and discussion

3.1 Preparation of Cul films Cul films were
formed on a glass substrate by spin coating of the precur-
sor solution, which was a mixture of Cul, 2-aminoethanol,
and 2-metoxyethanol, followed by annealing in air. The
XRD patterns of the spin-coated films before and after the
annealing are shown in Fig. 1. The diffraction peaks of the
film before annealing (Fig. 1a) could not be assigned to
any specific compounds reported in literatures, although it
must consist of copper, iodine and organic constituents.
After the annealing process at 100°C, the intensity of the
peaks from the precursor decreased, but diffraction from
Cul was not detected at this temperature (Fig. 1b). The pat-
terns of the films annealed at 110-250°C (Figs. 1c and d)
corresponded to that of Cul, showing that the organic con-
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stituents in the precursor evaporated and Cul formed at
temperatures above 110°C. Although no diffraction peaks
other than those of Cul appeared in the pattern of the films
annealed in the temperature range at 110-200°C, a closer
look at the pattern of the film annealed at 250°C revealed
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Figure 1 XRD patterns of the spin-coated films (a) before and
after annealing in air at (b) 100°C, (c) 110°C, (d) 250°C, and (e)
350°C.
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Figure 2 XRD pattern of the film annealed in an Ar atmosphere
at 340°C.
small peaks corresponding to CuO in the 26 range of 35—
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40° (inset of Fig. 1d), indicating that the oxidation of Cul
began at 250°C. The pattern of the film at 350°C (Fig. le)
was in agreement with that of CuO, showing that the film
was completely oxidized to CuO.

In order to prevent the Cul film from oxidizing to CuO,
the annealing of the films was also performed in an Ar at-
mosphere. The XRD pattern of the film annealed in Ar at
340°C (Fig. 2) showed only the peaks corresponding to
Cul and no peaks of CuO were detected, confirming that
the film annealed in Ar was not oxidized even at an anneal-
ing temperature above 250°C. As the annealing tempera-
ture increased, a significant increase in the intensity of the
Cul (111) reflection was observed, indicating an improve-
ment in the crystallinity of Cul. In every XRD pattern of
the Cul films, the intensity of the (111) reflection was
much higher than those of the other peaks, showing that
the Cul films had a strong <111> texture. The lowest sur-
face energy of the {111} plane of a Cul crystal, which has
a zinc blende structure, is believed to lead the growth of
the <111> texture [12, 13], although the detailed mecha-
nism is not clear.

Typical SEM images of the Cul films are shown in Fig.
3. Dendritic grains with dimensions of 4-10 um, consisting
of primary grains with the dimensions of 0.5-1 um were
observed on the surface (Fig. 3a). The cross-sectional im-
age shows that the thickness of the Cul film was 0.78-0.85
um (Fig. 3b).

Cul

Glass substrate

Figure 3 Typical SEM images of the (a) surface and (b) frac-
tured cross-section of Cul films annealed in an Ar atmosphere.

3.2 Electrical properties The electrical properties
of the Cul films were investigated by resistivity and Hall-
effect measurements employing the van der Pauw method
(Fig. 4). The resistivities of the Cul films annealed in an Ar
atmosphere were in the range of 1-5 Q cm. The films an-

3
T l T l T l T ] T
10 £ ,'. (a)4
T L7 3
5 C ]
s | M:
2>
s 1k .
% e air
3 N - Ar ]
A i 0. i
01 1 | 1 | 1 | 1 | 1 —
T T . —3g 1075
F by §
I 1 5
19 O
4 ER-
E O 3 g
C O b c
o @
o ~— 1 o
d—6—o0—" 10 §
F ] 8
i i @
' | L | L | L | L 1 170
5 T l T l T I T [ T 0
o 4 (€) ]
> L i
S L
22+
o) L
[e]
S 1+
0

100 150 200 250 300 350
Annealing temperature (°C)

Figure 4 (a) Resistivity, (b) carrier concentration, and (c)
mobility of Cul films annealed at various temperatures in air and
in Ar.

nealed in air at temperatures below 200°C exhibited slight-
ly lower resistivities compared with those annealed in Ar at
the same temperature. The lowest resistivity (0.3 Q cm)
was obtained at an annealing temperature of around 130°C.
However, the resistivities of the films annealed in air tend-
ed to increase with increasing annealing temperature, and
they became too high to be measured at temperatures
above 250°C. This significant increase in the resistivity
should have been caused by the oxidation of Cul to form
CuO.

The Hall-effect measurements confirmed that all the
Cul films that were annealed in Ar had p-type conduction.
While the films annealed in air in the temperature range of
160-200°C were confirmed to have p-type conduction, it
was not possible to determine the conduction type of the
films annealed at temperatures outside that range, because
Hall voltages with a high signal-to-noise ratio could not be
obtained from these films. This result implies that the car-
rier mobilities were quite small in these films.

As shown in Fig. 4b, the carrier concentrations of the
Cul films determined from the Hall-effect measurements
were in the range of 1 x 10%¥-1 x 10 cm®. The carrier
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concentrations were slightly higher in the films annealed in
air than in the films annealed in Ar, leading to the lower
resistivities of the films annealed in air. It has been report-
ed that Cu vacancy (Vcy) in Cul plays the role of the dom-
inant native acceptor, and oxygen in Cul generates an addi-
tional acceptor level [14, 15, 19]. The tendency for the car-
rier concentrations observed in the films annealed in Ar to
decrease with increasing annealing temperature was at-
tributable to a decrease in the concentration of Vcu. As can
be inferred from the low boiling point of elemental iodine
(184.3°C), the vapor pressure of iodine in Cul should be
relatively high [14], and thus the evaporation of a trace
amount of iodine from a Cul film appeared to have oc-
curred during the annealing stage, which decreased the
concentration of V¢, and the hole concentration decreased
accordingly. Annealing the Cul films in air should have in-
troduced oxygen into the films, leading to higher carrier
concentrations.

The carrier mobilities in the Cul films annealed in Ar
were in the range of 0.5-2 cm? V! s, and the values in-
creased slightly with the rise of the annealing temperature
(Fig. 4c). The increase in mobility should have been
caused by the reduction of carrier scattering through the
improvement of Cul crystallinity. On the other hand, the
mobilities in the films annealed in air tended to decrease as
the annealing temperature increased. This decrease in mo-
bility must have been caused by the oxidation of the films.

The carrier concentrations and mobilities were compa-
rable to values reported for Cul films prepared by vacuum
evaporation [14], although there were small differences
where the carrier concentrations and mobilities were slight-
ly higher and lower, respectively, in the films obtained in
this study. A possible cause of these differences was the
incorporation of impurities originating from the organic
constituents of the precursor solution.

4 Conclusion Cul films were prepared by spin coat-
ing of a precursor solution and subsequent annealing at dif-
ferent temperatures in air and in an Ar atmosphere. The
annealing process in air yielded Cul films in the tempera-
ture range of 110-200°C, whereas oxidation of Cul to CuO
occurred at higher temperatures. The annealing process in
an Ar atmosphere formed Cul films without oxidation even
at temperatures above 250°C. The Cul films exhibited p-
type conduction with resistivities of 0.3-5 © cm, hole con-
centrations of 1 x 10%®-1 x 10'® cm and mobilities of 0.5
2 cm? V! st Compared with the films annealed at the
same temperature in Ar, the films annealed in air had
slightly higher hole concentrations. An increase in the mo-
bility in the films annealed in Ar with increasing annealing
temperature was observed.
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