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Abstract. p-Type thin films of copper-strontium oxide (Cu-Sr-O) have been deposited by e-beam evapora-
tion technique on microscopic glass substrates. A study of optical, electrical and structural properties was
performed on the thin films, varying temperature of annealing. Amorphous Cu-Sr-O films were obtained at
low temperature. Partially polycrystalline films were obtained at high temperature of 550 ◦C with trans-
parency over 72% at wavelength from 600 to 700 nm in the visible region and 83% in the near infrared
region (λ = 1800:2500 nm). The optical band gap was estimated to be ∼3.5 eV. The Seebeck coefficient
measurements showed that the as-deposited films represented n-type conduction and with annealing tem-
perature these films converted to p-type. The electrical conductivity measurements at room temperature
of annealed films at temperature of 550 ◦C represented the best value about 2 S/cm. The other optical
parameters such as refractive index, extinction coefficient, dielectric constant and cutoff wavelength were
studied as a function of annealing temperature.

1 Introduction

Transparent conducting oxides (TCOs) have many ap-
plications in several optoelectronic devices such as light-
emitting diodes (LEDs), solar cells, and flat panels as
well as flexible displays [1–3]. Although the TCOs have
a vast range of applications as mentioned above, very lit-
tle work has been done on active device fabrication using
TCOs [4,5]. This is because most of the aforementioned
TCOs are n-type semiconductors. But the corresponding
p-type transparent conducting oxides (p-TCOs), which are
essential for junction devices, were surprisingly missing
in thin film form for a long time until in 1997, Kawazoe
et al. reported p-type conductivity in a highly transparent
thin film of copper aluminum oxide [6]. This has opened
up a new field in optoelectronics device technology, the
so-called “Transparent Electronics” or “Invisible Electron-
ics” [7], where a combination of the two types of TCOs in
the form of a p-n junction could lead to a “functional”
window, which transmits visible portion of solar radia-
tion yet generating electricity by the absorption of the UV
part [6].

Most of the p-type transparent conducting materials
are Cu and Ag based. However, the optical and electri-
cal properties of these materials are still lower than those
obtained for n-type TCOs materials. For example, the
transmittance and conductivity for CuAlO2 films with
thickness 230 nm are about 70% and 0.34 S cm−1
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respectively [8], the CuCrO2 films with thickness 250 nm
have transmittance 40% and conductivity 1 S cm−1 [9],
the CuCr1−xMgxO2 with thickness 270 nm have trans-
mittance 50% and conductivity 220 S cm−1 [6], and for
AgCoO2 films with thickness 150 nm have a transmit-
tance 50% and conductivity about 0.2 S cm−1 [10]. Now
for diverse device applications, it is of utmost importance
to prepare various types of p-TCOs with superior optical
and electrical characteristics, at least comparable to those
of the existing, widely used n-TCOs, which have a trans-
parency above 80% in the visible region and a conductivity
about 1000 S cm−1 or more.

In this work, the effect of heat treatment on the struc-
tural, optical, and electrical properties of Cu-Sr-O thin
films prepared by electron beam evaporation technique
has been studied. A compromise between low resistivity
and high transmission of light has been made in order
to examine the quality of films as transparent-conductive
ones.

2 Experimental details

Bulk Cu-Sr-O targets were prepared using SrO powder
(99.999% purity) and CuO powder (99.99% purity) mate-
rials. The powder was pressed using cold pressing
technique to form the pellets of mixture weight ratio for
CuO91:SrO9, which were sintered at 900 ◦C for 5 h and
then cooled slowly to room temperature in a fully con-
trolled furnace in air. Sintering process assists to produce
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lumps of powder materials in a bulky form without affect-
ing their chemical properties, while their physical prop-
erties approach those of single crystal phase [11,12]. The
sintering process is usually carried out in the temperature
range TM

2 ≤ T ≤ TM , where TM is the melting point of the
material to be sintered [13]. The electron beam evapora-
tion was used to deposit the prepared Cu-Sr-O tablets into
ultrasonically cleaned microscopic slides with dimensions
of 1 cm × 2.5 cm. Edwards high vacuum (2 × 10−5 torr)
coating unite model E306A was used for this purpose.
The rate of deposition and the thickness of the films were
controlled to be about 10 nm min−1 and 110–120 nm,
respectively, by means of a digital film thickness moni-
tor model TM200 Maxtek. Optical measurements (trans-
mittance T and reflectance R) were performed using a
Jasco V-570 UV-VIS-NIR spectrophotometer in the wave-
length range from 200 to 2500 nm at normal incidence.
Structural analysis of as-deposited and annealed films was
carried out on Phillips (PW-1710) Cu Kα diffractometer
(λ = 1.541838 Å) by varying diffraction angle 2θ from 4
to 80 by step width of 0.04 in order to evaluate crystalline
phase and crystallite orientation. The electrical resistiv-
ity measurements were carried out using a two-terminal
configuration by applying a constant voltage (≈5 V) to
the sample and measuring the current through it using a
Keithley 614 electrometer. The measurements were done
at room temperature. Electrical contacts were made by
applying silver paste over the surface of the films with
a separation of 3 mm. Applying the temperature differ-
ence between the two film electrodes, the Seebeck coeffi-
cient (S) measurements were carried out for Cu-Sr-O films
at room temperature and at annealing temperature of
300–550 ◦C.

3 Results and discussion

3.1 Structural characterization

Figure 1 shows X-ray diffraction (XRD) results of Cu-Sr-O
films annealed at various temperatures (as-550 ◦C). The
as-deposited films and the annealed films at low temper-
ature exhibit a partially amorphous structure with some
small peaks belonging to Cu2SrO2 (1 0 3), CuSrO2 (0 8 0)
and SrO2 (0 0 2) plane. The films that annealed at 450
and 550 ◦C represent the same above peaks with an in-
creasing intensity of some peaks such as SrO2 (0 0 2) and
Cu2SrO2 (1 0 3). Moreover, no preferred orientations were
observed even at high temperature. From this figure it is
evident that the annealing at high temperature seemed to
improve the film crystallinity.

3.2 Optical and electrical properties

Figure 2 illustrates the transmission and reflection spec-
tra of Cu-Sr-O thin films deposited at room temperature
(as-prepared) and annealed in air at various temperatures
(300, 400, 450, 500 and 550 ◦C) for 2 h. It was seen from
the transmission spectra that the as-deposited films are

Fig. 1. XRD patterns of Cu-Sr-O thin films deposited on glass
substrate at room temperature and followed by annealing in air
at temperature of 300, 450 and 550 ◦C.

opaque since their transmission is less than 10% in the visi-
ble region (λ = 380:800 nm). The reflection of as-deposited
films records high value about 50% in near infrared re-
gion (λ = 1800:2500 nm). This behavior of transmission
and reflection of as-deposited films can be attributed to
the oxygen deficiency [14]. In addition, the as-deposited
films represent high free carrier concentration (as will be
seen in Tab. 1) which can lead to a narrowing of the
band gap due to carrier-carrier and carrier-impurity in-
teractions [15]. On the other hand, with increasing the
temperature the transmission increases and the reflection
decreases due to the substitution of oxygen during anneal-
ing process in air. Figure 2a shows that the absorption
edge of annealed Cu-Sr-O films appears to be shifted to-
ward the shorter wavelength side. The films annealed at
550 ◦C show an average transmittance of 72% at spec-
tral range 600–700 nm of wavelength in the visible region
and 83% in the near infrared region (λ = 1800:2500 nm).
These results are considered better than those obtained in
references [6,9].

The absorption coefficient α of Cu-Sr-O films was cal-
culated from the transmittance T and reflection R spectra
using the equation [12]:

α =
2.303

d
log10

(
1 − R

T

)
, (1)

where d is the film thickness. As shown from Figure 3
the absorption coefficient is found to be about 104 cm−1,
which exponentially decreases as both wavelength and an-
nealing temperature increase. Besides, the decrease in ab-
sorption coefficient indicates a decrease in optical density
of Cu-Sr-O films since the absorption coefficient is directly
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Table 1. The refractive index at wavelength 550 nm (n550), free carrier concentration per effective mass (N/m∗), electrical
resistivity (ρ), figure of merit (Φ), and the Seebeck coefficient (S) of Cu-Sr-O thin films prepared at room temperature and
followed by annealing in air at different temperatures.

T (◦C) As 300 400 450 500 550

n550 3.12 2.9 2.31 2.3 2 2.14
N/m∗ (cm−3 g−1) 2 × 1047 4.79 × 1046 4.64 × 1046 3.8 × 1046 3 × 1046 2.67 × 1046

ρ (Ω cm) 5.6 × 10−5 8.8 × 101 4.1 × 101 3.8 × 101 2.6 × 101 5 × 10−1

Φ (Ω−1 cm−1) – 0.55 1.21 .144 2.16 134.2
S (μV/K) −61.8 177.2 182.4 189.6 209.1 226.5

Fig. 2. Transmission and reflection spectra of as-deposited and
annealed Cu-Sr-O films as a function of wavelength at different
temperatures.

proportional to the optical density as reported in some
articles [16–18].

Electronic band structure calculation done by Nie
et al. [19] and Ohta et al. [20] has demonstrated a di-
rect band gap transition for Cu-Sr-O thin films. In this
circumstance the absorption coefficient α can be related
to the photon energy hν by

(αhν)2 = A (hν − Eg) , (2)

Fig. 3. Variation optical absorption coefficient of Cu-Sr-
O films with wavelength at different values of annealing
temperature.

where A is a constant, hν is the photon energy and Eg is
the optical energy gap. A plot of (αhν)2 vs. the photon en-
ergy (hν) is displayed in Figure 4a for the films annealed
at 300, 400, 450, 500 and 550 ◦C. The estimated direct
optical energy gap as a function of annealing temperature
for Cu-Sr-O films is plotted in Figure 4b. It was found
that the optical energy gap of these films increases with
increase of annealing temperature, indicating that the an-
nealing temperature in air is considered a significant tool
to improve the film transmission. The energy gap values of
Cu-Sr-O films annealed at temperature of 300, 400, 450,
500 and 550 ◦C were calculated as 3.3, 3.44, 3.46, 3.46
and 3.53 eV. On the other hand, due to the poor trans-
mittance and undistinguishable absorption edge the op-
tical energy gap of the as-deposited films could not be
estimated in this work. The increase in energy gap with
temperature may be due to the decrease in free carrier
concentration or to the improvement in film crystallinity
as seen in Figure 1 [12]. Besides, it is observed that the
cutoff wavelength (see Fig. 4b) has been shifted toward
ultraviolet region (high energy) with the increase in an-
nealing temperature. This behavior was observed for fun-
damental absorption edge as shown in Figure 2a since
the cutoff wavelength is directly affected by the energy
gap of the material as reported by Knickerbocker
and Kulkarni [21].
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Fig. 4. (a) (αhν)2 vs. hν and (b) optical energy gap and λcutoff

at different temperatures of Cu-Sr-O films.

The spectral refractive index (n) and extinction co-
efficient (K) of the Cu-Sr-O films were calculated from
the transmittance (T) and reflection (R) spectra using the
equations [22]:

n =
1 + R

1 − R
±

[(
R + 1
R − 1

)2

− (
1 + k2

)]1/2

, (3)

K =
2.303
4π

λ

d
log10

(
1 − R

T

)
. (4)

The dispersion of n with wavelength (λ) is plotted in
Figure 5 at different values of temperature. It is clear
that the dependence of the refractive index on tempera-
ture does not show a clear behavior. Therefore, the values
of refractive index at λ = 550 nm were calculated and are
listed in Table 1. As result of this table, the refractive in-
dex decreases with the increase of annealing temperature.
The decrease in the refractive index with temperature may
be due to the decrease in optical density of Cu-Sr-O films
as mentioned above in discussing Figure 3 and/or the in-
crease in energy gap as observed from Figure 4b as re-
ported in some references [23,24]. On the other hand, it
could be concluded from equation (4) that the extinction

Fig. 5. Variation of refractive index with wavelength of an-
nealed Cu-Sr-O films at different temperatures.

Fig. 6. Variation of extinction coefficient with wavelength of
annealed Cu-Sr-O films at different temperatures.

coefficient (K) is inversely proportional to the film trans-
mission. Hence, the extinction coefficient decreases with
increasing the temperature as shown in Figure 6.

For further analysis of the optical data a number of
useful, associated relations can be derived to link the real
and imaginary parts of the dielectric function and the op-
tical constants (n, k). The following relations have been
used to calculate the values of the real part (ε′) and imag-
inary part (ε′′) of the dielectric constant for Cu-Sr-O films:

ε′ = n2 − k2 = εi − e2

4π2c2ε0

(
N

m∗

)
λ2, ε′′ = 2nk, (5)

where εi is the infinity high frequency dielectric constant,
e is the elementary charge, c is the light velocity, ε0 is
the permittivity of free space, N is the optical free carrier
concentration, m∗ is the effective mass and λ is the light
wavelength.
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The variation of the real part (ε′) and imaginary part
(ε′′) of the dielectric constant with wavelength at differ-
ent temperatures is shown in Figures 7 and 8. It can be
seen from these figures that the real part of the dielectric
constant decreases with increasing the wavelength but the
imaginary part increases. The values of real part are higher
than those of imaginary part. In addition, both the real
and imaginary parts of the dielectric constant decrease
with increasing the temperature due to the decrease of re-
fractive index and extinction coefficient with temperature
as shown in Figures 5 and 6. It is known that the imag-
inary part of the dielectric constant is directly related to
the density of states within the forbidden gap of thin film
materials [25]. Therefore, this decrease in ε′′ with anneal-
ing temperature leads to decreasing the density of states
within the forbidden gap and then increase in the energy
gap as shown in Figure 4b. From the slope and intercept
of the plotted curves in Figure 7, two important para-
meters namely free carrier concentration (N) and infinity
high frequency dielectric constant or the residual dielec-
tric constant (εi) can be determined. The values of free
carrier concentration per effective mass were calculated
and are listed in Table 1. It can be seen that the values
of N/m∗ and hence N decrease with further increase in
temperature and the high variation of these values (one
order of magnitude) occurred between as-deposited films
and the films that annealed at 300 ◦C, indicating that the
as-deposited films have high free carriers which leads to
degrading the optical transmittance of these materials as
seen in Figure 2a. The estimated values of infinity high fre-
quency dielectric constant (εi) are plotted in Figure 7b as
a function of temperature. It can be seen that this parame-
ter exponentially decreases as the temperature increases.
The as-deposited films have the maximum value about 42
and the other values ranged between 6.6 and 4.6 in the
temperature range 300–550 ◦C.

The electrical resistivity ρ of Cu-Sr-O films was mea-
sured at room temperature for as-deposited and annealed
films at different temperatures. The obtained values are
listed in Table 1. It is expected that the as-deposited films
have high conductivity due to the oxygen deficiency, which
happened during the deposition process. Apart from the
as-deposited films, it is observed that the electrical resis-
tivity of Cu-Sr-O films decreases with increasing the an-
nealing temperature. The lowest resistivity value obtained
at 550 ◦C was about 5 × 10−1 Ω cm. Although, the free
carrier concentration decreases with temperature the elec-
trical resistivity decreases also. This behavior may be due
to the increase in mobility with annealing temperature
since the films’ crystallinity seemed to improve at high
temperature.

The Seebeck coefficient (S) measurements for Cu-Sr-
O films were taken into account to determine the type
of these films. The dependence of S on temperature was
measured and is listed in Table 1. It is clear that, the
as-deposited films exhibit negative sign of S that means
as-deposited Cu-Sr-O films represent n-type conduction.
With increasing the annealing temperature the sign of S
changed to positive and its value increases.

Fig. 7. (a) Plot of the real part of dielectric constant (ε′) as
a function of wavelength (λ2) and (b) the residual dielectric
constant (εi) of Cu-Sr-O films at different temperatures.

Fig. 8. Plot of the imaginary part of dielectric constant (ε′′)
as a function of λ3 of annealed Cu-Sr-O films at different
temperatures.
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Table 2. Comparison of some optical and electrical parameters (transmittance in visible region Tvis, energy gap Eg and electrical
conductivity σ) that were studied in this work with other work.

p-Type thin films Tvis (%) Eg (eV) σ (S/cm) T (◦C) References

Cu-Sr-O 72 3.53 2 550 Current work
Cu-Sr-O <60 – 2 × 10−3 550 [27]
Cu-Sr-O >60 3.12 5.3 × 10 250 [28]

CuCrMgO 40 3.1 1 – [9]
Cu-Al-O 70 3.5 0.34 – [4]
AgCoO2 50 4.15 0.2 400 [10]
Sn-Sb-O 65–80 3.4–3.5 6 700 [29]

3.3 Figure of merit

The quality of a transparent conducting oxide will be
judged by the parameter of figure of merit Φ. The
figure of merit of the film was calculated from the op-
tical transmittance and sheet resistance data using the
equation [26]:

φ =
T

ρ
, (6)

where T is the average transmittance in visible region
(320–800 nm) and ρ (Ω cm) is the electrical resistivity
at room temperature. Results of figure of merit are calcu-
lated and listed in Table 1. The figure of merit allows us
to quantify film quality and to confirm that the Cu-Sr-O
films annealed at temperature of 550 ◦C resulting in the
best films. The figure of merit of as-deposited films was
not taken into account.

Finally, Table 2 represents a comparison of some op-
tical and electrical parameters such as transmittance in
visible region (Tvis), optical energy gap (Eg) and electri-
cal conductivity (σ) that were studied in this work with
other literature.

4 Conclusions

Copper-strontium oxide thin films were deposited on glass
substrates by e-beam technique. The prepared films show
good optical quality with transmittance over 72% at wave-
length range 600:700 nm in the visible region. The energy
gap of copper-strontium oxide represents direct allowed
transition with value of 3.53 eV for the annealed films at
550 ◦C. X-ray diffraction measurements revealed an amor-
phous structure with some small peaks of as-deposited
and annealed films at low temperature. The annealing at
high temperature seemed to improve the film crystallinity.
The electrical resistivity of the annealed films was studied
at room temperatures. The minimum resistivity values of
5×10−1 (Ω cm) were obtained for annealed film at 550 ◦C.
The figure of merit confirms that the Cu-Sr-O films an-
nealed at temperature of 550 ◦C resulting in the best films
as transparent conducting p-type. It was observed that the
refractive index, extinction coefficient and dielectric con-
stant were affected by annealing temperature.

The author would like to thank the Program Research Center
at College of Teachers, Deanship of Scientific Research, King

Saud University, Riyadh, Saudi Arabia, for funding and sup-
porting this research.
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