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ABSTRACT

P-type transparent conducting oxide Srp9Cag1Cu,0, (SCCO) films were prepared by pulsed laser depo-
sition (PLD) technique on glass and n-Si (100) substrates. Some critical experiment factors were
investigated, and it was found that well-crystallized, single phase SCCO films could be obtained with
the substrate temperature higher than 350°C, and the crystallinity was improved with the increase of
laser energy fluence. SrpgCag1Cu,0,/n-Si (SCCO/n-Si) heterojunction and prototype thin film solar cell
were demonstrated respectively. Diode characteristic in the current-voltage response was observed and
the ideality factor (n) of the diode was 3.7. The obtained n value is larger than unity due to structural
imperfections of the layer and interface states. A prototype thin film solar cell with the best solar cell
performance exhibits an open-circuit voltage (V,c) of 140 mV and a short-circuit current density (Jsc) of
0.072 mA/cm? under irradiation of AM1.5 and 100 mW/cm?.

Thin film solar cell

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Photovoltaic power generation has attracted more attention due
to energy crisis and environment pollution. In order to promote the
use of photovoltaic devices, it is necessary to develop solar cells
with low cost, high efficiency and less environmental damaging. A
variety of materials could be used for the preparation of heterojunc-
tion solar cells [1-3]. Thin film solar cells is a promising approach
and offer many choices in terms of materials and device designing
[4-7]. A variety of substrates can be used for deposition of differ-
ent layers. Among all, silicon is a widely used substrate because it
is cheap, conductive and easy to cleave, so it is valuable to grow
different thin films on Si substrate.

With excellent chemical, physical and optoelectronic proper-
ties, transparent conductive oxides (TCOs) have many advanced
technology applications, such as photovoltaic solar cells, trans-
parent electrodes and other optoelectronic devices [8,9]. Some
thin film solar cells have been obtained by employing TCO films
on Si substrates, such as ITO, ZnO, ZnO: Al, CdO, and relative high
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conversion efficiencies have been obtained by employing ITO films
on Si substrate [10-13].

As one of the most important TCO materials, p-type transparent
conducting ternary Cu (I) oxides (CuAlO,, CuCrO,, CuGa0,, CuYO,,
SrCu,0,, etc.) have attracted widespread interests, and different
techniques have been used for the preparation of this kind of TCO
thin films [14-21]. The ternary oxide SrCu,0, has a direct band
gap of 3.3 eV in combination with non-toxicity and relatively low
deposition temperature [22]. There are many reports on fabrication
and optoelectronic applications of Sr;_yMxCu;0, (M =Ca, K) films
[23-29]. To our knowledge, SrCu,0,/Si heterojunctions have been
obtained by PLD with different substrate temperatures and laser
wavelengths [27,28], but Srg gCag 1 Cuy 0, (SCCO)/Si heterojunction
and its photovoltaic performance have not been investigated. In
this study, SCCO films were prepared on glass and n-Si (100) sub-
strates and the electrical property of the SCCO/n-Si heterojunction
was analyzed by current-voltage technique at room temperature.
The photovoltaic performance of the SCCO/n-Si heterojunction was
reported for the first time.

2. Experimental details

Ca doped SrCu,0, polycrystalline ceramic target was synthesized by sinter-
ing fully mixed powder of Cu,0 (99.5% purity), SrCO3; (99.9% purity) and CaCO3
(99% purity) (with molar ratio of 1:0.9:0.1) at 950°C for 40h in N, flow. The
Srp.9Cap.1Cu, 0, (SCCO) thin films were deposited by PLD on glass and n-type Si(100)
wafer substrates. The resistivity and carrier concentration of n-Si (100) substrate
were about 8-15 2 cmand 10'> cm~3, respectively. Prior to growth, glass and n-type
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Fig. 1. XRD pattern of SCCO target.

Si (100) wafer were cleaned by ultrasonication in acetone, ethanol and de-ionized
water, respectively, finally dried by nitrogen flow. The native oxide on the surface
of silicon substrate was not removed using HF solution. The base pressure of PLD
chamber was 10~ Pa, and the laser employed was a KrF excimer laser (A =248 nm)
with a repetition rate of 5 Hz. The beam was incident on a rotating target at an angle
of 45° with respect to target normal. Oxygen gas was introduced into the deposition
chamber and working pressure was controlled at 1 x 10-2 Pa. The substrate temper-
atures were kept at 350°C, 420 °C, 480 °C and 540°C and the duration of deposition
was 0.5 h. The energy fluence used to deposited SCCO films on glass substrate was
110 mJ/pulse. SCCO films were also deposited on Si wafer with the same deposition
parameters like those deposited on glass but the energy fluences were 110 mJ/pulse
and 150 mJ/pulse. After the deposition, the films were cooled to room temperature
under the same oxygen pressure.

The crystal structure of the film was investigated using Philips X'pert PRO X-
ray diffractometer (XRD) with a CuKa source. Surface morphology, thickness of the
films and elemental analysis were studied using FEI Sirion 200 type model scanning
electron microscope (FESEM) and energy dispersive spectroscopy (EDS), respec-
tively. Transmittance of the SCCO films deposited on glass substrate was measured
in the spectral region of 200-1200 nm using a Cary-5E UV-VIS spectrophotometer.
Ohmic contacts were made on the SCCO film and back surface of silicon substrate
by depositing In electrodes. The resistivity of all the films was large, so the standard
two-probe technique was used to measure electrical resistivity, and the van-der-
Pauw four-point method was applied to measure carrier density by LakeShore-775
Hall Measurement System. The current-voltage characteristics of the diode in the
dark was performed using a Keithley model 2400 digital sourcemeter and the power
output was measured using a solar simulator with AM1.5 and a power density of
100 mW/cm?.

3. Results and discussion

The phase of as-sintered Ca doped SrCu, 0, target was examined
by XRD. As Fig. 1 shows, the diffraction pattern can be well-indexed
to tetragonal phase, belonging to 14, /amd space group (JCPDS card
no: 48-1514) except a small impurity diffraction peak at 36.78
which arise from unreacted Cu,0O (JCPDS card no: 01-1142).

In order to investigate optical and electrical properties of SCCO
thin film, SCCO films were prepared on non-conducting glass sub-
strate. It is well believed that PLD is a powerful thin film deposition
technique, and the crystallinity, electrical property and optical
property of metal oxide thin films could be tuned by adjusting
experiment parameters, such as substrate temperature and oxygen
pressure. In our experiments, the film synthesized under oxygen
pressure of 1x 10~2Pa has the highest transmittance in visible
range, so all the other SCCO films were prepared under this oxy-
gen pressure. The substrate temperatures were kept at 350°C,
420°C, 480°C and 540°C, and it is found that all the films are
polycrystalline which is similar with the results of other groups
[29,30]. Fig. 2 gives the diffraction pattern of SCCO film deposited
at 350°C. All the diffraction peaks can be indexed as SrCu,0,
(JCPDS card no: 48-1514). Raising the substrate temperature gives
the improvement of crystallinity of the films without new phase
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Fig. 2. XRD pattern of SCCO film prepared on glass substrate with substrate tem-
perature of 350°C.

appearing (other XRD patterns are not shown here). Fig. 3 depicts
the optical transmittance spectrum of this SCCO film. It exhibits
~70% optical transmission in visible region (400-800 nm). The opti-
cal band gap was calculated with direct transition relationship
(ahv)=B(hvu — Eg)!/? (where hv is the photon energy, « is absorp-
tion coefficient, Eg is optical band gap and B is a constant). The
obtained Eg value is about 3.3 eV and this value is in agreement
with the literature [35]. All the SCCO films are p-type obtained by
Hall measurement, the resistivity and carrier density are almost
in 103 Qcm and 10'6 cm—3, respectively. Here, only the electri-
cal resistivity, carrier density, Hall mobility, Hall coefficient of the
sample deposited at 540 °C are given and they are 1.03 x 103 Q cm,
1.6 x 1016 cm—3,0.38cm2 V-1 s~ and 389 cm3/C, respectively.

For the fabrication of p-SCCO/n-Si heterojunctions, SCCO films
were deposited on pieces of Si wafer under the similar experiment
conditions like depositing SCCO films on glass substrate. Fig. 4(a)
and (b) shows the X-ray diffraction patterns of SCCO films on Si sub-
strate with the substrate temperatures kept at 480°C and 540°C.
Raising the substrate temperature would improve the crystallinity
as shown in Fig. 4. On the other hand, when the substrate temper-
ature is kept at 540°C, raising the laser energy from 110 mJ/pulse
to 150 mJ/pulse will greatly improve the crystallinity of SCCO films
as it can be seen in Fig. 5.
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Fig. 3. Optical transmittance spectrum of SCCO film on glass substrate with sub-
strate temperature of 350°C.
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Fig. 4. XRD patterns of SCCO film on Si substrate with laser energy of 110 mJ/pulse

and substrate temperatures kept at (a) 480°C and (b) 540°C. Fig. 6. SEM images of SCCO film deposited on Si substrate with laser energy of

150 mJ/pulse and substrate temperature of 540°C. (The insert is cross-sectional
FESEM of SCCO film.)

211)

The surface morphology and cross-sectional FESEM images of
the SCCO film on Si substrate with the best crystallinity are shown
in Fig. 6. The surface is dense and smooth and the thickness is about

(=]
pry ) 495 nm as it can be seen in the insert of Fig. 6. The EDS spectrum of
3 |y § the SCCO film on Si substrate is presented in Fig. 7. Only O, Ca, Cu
,;' = & and Sr signals are detected. The EDS results confirm that Cais in the
£ L R ('i " structure of the SrCu; 05 films and the atomic ratio of Sr:Ca:Cu:0 is
E it o about 0.9:0.1:2:2.5.

It has been shown in previous investigation that the

(a)
p-SrCu,0,/n-Si heterojunction with low temperature(300°C)
me deposited SrCu,0, has better p/n junction properties than that
with high temperature(500°C) deposited SrCu,0, films because

. . A A A A : non-stoichiometric SrCu, O3 phase appeared in high substrate tem-
20 25 30 35 40 45 50 55 60 perature [27]. Butin our experiments, we found that SrCu, O3 phase

26 (degree) could not be detected in the SCCO film deposited with substrate
temperature of 540 °C. All the SCCO/n-Si heterojunctions have obvi-
ous rectifying behavior though the crystallinity of the SCCO films
deposited at low substrate temperature is very poor. On the other

Fig. 5. XRD patterns of SCCO film on Si substrate with substrate temperatures kept
at 540°C and laser fluence of (a) 110 mJ/pulse and (b)150 m]J/pulse.

Element Atomic%
OK 43.29
CaK 1.73
Cul 37.83
SrL 17.15

Totals 100

Full Scale 243 cts Cursor: 0.000 keV

Fig. 7. Elemental analysis of the SCCO film deposited on Si substrate with laser energy of 150 mJ/pulse and substrate temperature of 540 °C. The insert is SEM image of the
region analyzed.
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Fig. 8. (a) The diode geometry of SCCO/n-Si heterojunction. (b) Current-voltage
characteristics of SCCO/n-Si heterojunction. The insert shows the I-V curve of In
contacts on SCCO film.

hand, the rectifying behavior of SCCO/n-Si heterostructure with
high laser energy fluence deposited SCCO films was improved
greatly. It is mainly related to the improved crystallinity quality of
SCCO films as it can be seen in Fig. 5. Some other reasons may also
exist, such as better interface between SCCO films and Si substrate.
Fig.8(a)and (b) shows the diode geometry and I-V characteristics of
SCCO/n-Si heterojunction with laser energy fluence of 150 mJ/pulse
and the insert of Fig. 8 (b) is the I-V curve of In contacts on p-SCCO
film. The contact on the SCCO exhibits a characteristic without rec-
tifying behavior of Schottky contacts and this indicate that Ohmic
contacts are formed between In electrodes and SCCO film.

From Fig. 8(b), the turn-on voltage is 0.4V and the leakage cur-
rent at —1.86V is 20 pnA. The leakage current in the reverse bias
region mainly come from large lattice mismatch and the polycrys-
talline structure of SCCO film will induce structural imperfections
existed at grain boundaries and interface. Therefore, the efficiency
is deteriorated by these defects [31]. The I-V characteristics of the
diode can be analyzed by the following relation,

I=IgedV/nKT _1q

where V is the applied voltage, n is the ideality factor, k is the
Boltzmann’s constant, T is temperature and Is is reverse saturation
current. The ideality factor of the diode was determined from the
slope of the linear region of forward bias of Fig. 8(b) and it was found
to be 3.7. The ideality factor of standard diode is between 1 and 2,
but the obtained ideality factor of the SCCO/n-Si was higher than
unity. A value greater than 2 for n indicates that the diode is not an
ideal one. Most of the reported oxide semiconductors deposited
on Si exhibit diode characteristics which diverge from theoreti-
cal calculations [32]. This is probably due to presence of structural
imperfections of the layers and interface states and/or presence of
an insulating layer at the interface. Since no standard cleaning was
applied, a thin insulating layer is formed at the interface modifying
the junction properties [33].
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Fig. 9. The logI-logV plot of the SCCO/n-Si heterojunction at room temperature.

As the carrier concentration of the n-Si is lower than that of the
SCCO film, the depletion space charge region is mainly located at
Si side. Because of the lack of the electron affinity value of SCCO
material, the valence band offset and conduction band offset can-
not be obtained at this moment. It can only be suggested that as
the SCCO side is under forward bias, the band barrier will decrease
and carrier flow will enhance. The subsequent recombination at the
depletion region would give rise to forward bias current flow. As
the forward bias is large enough, the barrier would be negligible.
On the other hand, a thin native oxide of insulator layer exists at
the interface, it would block the collection of carriers generated at
the n-Si, and it would also cause large current leakage located at
the junction interface of the heterojunction [34].

In order to investigate operative mechanisms of the SCCO/n-
Si heterojunction, the power law fit of I-V characteristics of the
heterojunction is shown in Fig. 9. When the forward bias is below
0.33V, [-Vindicated Ohmic conduction prevalence. In the high bias
voltage which ranges from 0.7 to 1V, I-V2, corresponding to a shal-
low trap square-law region, which is a classical characteristic of
space charge limited current (SCLC). Space charge limited current
conduction is typically observed in wide band gap semiconductors
[35-38]. Lampert and Mark have developed the single carrier SCLC
model with a trap present above the Fermi level [39]. As the applied
voltage is lower than the onset voltage for deviating from Ohmic
behavior (V< Vy, as shown in Fig. 9), the thermally generated car-
rier density dominates over the injected carrier density and the
carrier transit time is larger than the dielectric relaxation time. The
injected carrier would thus undergo dielectric relaxation to main-
tain the charge neutrality rather than transport across the sample.
In this region, the traps are not completely filled. As the applied
voltage is larger than Vo, the carrier transit time is smaller than
the dielectric relaxation time and the injected carrier dominates
over the thermally generated carrier. The increase of the applied
voltage also shifts the quasi-Fermi level towards the conduction
band and the effect would be the filling up of the trap at the energy
level of E. — E; (where E. is conduction band energy and E; is trap
energy), the trap filling region is Vo <V < Vqg_ as shown in Fig. 9.
As the applied voltage further increases to the extent that all the
traps are filled (V> Vg in Fig. 9), the conduction would become
space charge limited and the current follows the dependence of
J=(9/8)euV2/d3 (where d is the thickness of the active region).

Finally, we fabricated SCCO/n-Si heterojunction as a prototype
solar cell with a window area of 0.25cm? without any surface
protection or anti-reflection coating. The typical -V character-
istic curve under sunlight illumination is shown in Fig. 10. The
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Fig. 10. Current-voltage characteristics of SCCO/n-Si prototype thin film solar cell
under AM1.5 solar simulator illumination.

open-circuit voltage (Vo) is 140mV and short-circuit current
density (Js¢) is 0.072 mA/cm? under 100 mW/cm? sunlight illumi-
nation. It is observed from Fig. 3 that the SCCO films is transparent
(T>70%) in visible region, therefore, most of the visible light
passes through the SCCO layer and is absorbed primarily in the
underlying n-Si, generating electron-hole pairs which is respon-
sible for the observed photocurrent. Because the obtained SCCO
film is polycrystalline and there is a native oxide layer in the
interface, many defects exist in the interface and grain boundary
which would act as carrier recombination center and depress the
overall photovoltaic performance. On the other hand, both SCCO
film and Si wafer have low carrier density, it will result in low
value of Vo [40]. The low photo-electric conversion efficiency
might due to poor collection efficiency, which is probably due to
recombination losses in the bulk as well as in the interface region.
The poor collection efficiency probably arises because of (i) the
lattice mismatch between SCC and Si layers, (ii) the high resistivity
of the absorber layer, leading to increase in series resistance and
decrease in fill factor. Further work is needed to improve the
interface state and increase its photovoltaic performance.

4. Conclusions

Polycrystalline Ca doped SrCu, 0, films were grown on glass and
n-type Si(100) substrates by PLD. The films deposited on glass sub-
strate have 70% transmittance in visible region. Diode characteristic
was observed in SrggCag 1Cuy0,/n-Si (SCCO/n-Si) heterojunction
and the operative mechanism of the SCCO/n-Si heterojunction
was investigated. A prototype thin-film p-SCCO/n-Si heterojunc-
tion solar cell showed a maximum open-circuit voltage (Vo) of
140mV and a short-circuit current density (Jsc) of 0.072 mA/cm?
under sunlight of AM1.5. This is the first reported photovoltaic
result using wide gap p-type TCO material combined with n-type
silicon substrate until now.
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