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Abstract

Cu,O/Fe-O heterojunction solar cells were successfully fabricated by electrodeposition method. The as-
deposited thin film exhibited signature Raman peaks associated to y-FeOOH. By thermal annealing in air
at 100 — 400°C, different Fe,O3 polymorphs were produced. Both as-deposited and annealed Fe-O films
showed n-type conductivity with approximated band gap of 2.1 - 2.3 eV. Resistivity was ~680 Qcm for y-
FeOOH and > 700 Qcm for Fe,O; films. Cu,O as the p-type layer was partnered with as-deposited and
annealed Fe-O thin films to fabricate different heterojunctions based on Fe oxides compounds.
Remarkably, all the fabricated Cu,O/Fe-O heterostructures exhibited photovoltaic characteristics (open
circuit voltage, Voc = 38-108 mV and short circuit current density, Jsc = 0.74 — 1.58 mA/cm?), although
no appreciable differences were found on their solar cell parameters. The present results strongly suggest

the potential of Fe-O based semiconductors for solar cell fabrication.
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1. Introduction

Iron oxide (Fe,Os) has been studied for application of photoanodes owing to their semiconducting
characteristics, abundance in the earth crust, and environmental compatibility. Fe,Oz is an n-type
semiconductor with a band gap Eg = 2.0 - 2.2 eV, and the photoanodes based on it is capable to utilize
approximately 40% of the incident sunlight [1]. It has been reported that iron oxyhydroxide (y-FeOOH),
also an n-type semiconductor with a band gap > 2.0 eV, is potentially useful for solar energy conversion
[2]. However, those Fe-O phases have not been applied for p-n heterojunction solar cells, although they
have been studied as photocatalysts quite extensively. Recently, our research group successfully fabricated
Cu,O/y-FeOOH p-n junction and confirmed the photovoltaic properties [3]. From these results, we are
convinced that the Fe-O phases can be novel candidates for n-type window (or buffer) layer materials of
heterostructure solar cells. However, as far as we know, the fabrication of p-n junctions based on Fe,Os
has not been tried yet. It is known that y-Fe,O; (cubic, spinel structure) and a-Fe,O; (rhombohedral,
corundum structure) can be produced by annealing the iron oxide hydroxides (y-FeOOH) at a suitable
temperature [4-7]. The resistivity of a-Fe,O3; was reported to be rather high (about 10 Wem) at room
temperature [8].

In this study, y-FeOOH films are deposited using electrodeposition (ED) and subsequently annealed in
air at 100 — 400°C to produce Fe,O; phases. As in the previous work [3], Cu,O is utilized as a p-type
semiconductor material to fabricate p-n heterojunction solar cells with the Fe-O layer as the n-type layer,
and the photovoltaic properties of Cu,O/Fe-O heterojunction are evaluated and investigated. Cu,O has
been widely studied as a typical p-type semiconductor material (with direct band gap, Eq=2.0 - 2.1 eV) in
heterojunction solar cells partnered with a lot of other semiconductors, such as SnO,, CdO [9], Ga,03[10],
and ZnO [11-14]. In contrast to heterostructures based on CuyS, any serious problems due to Cu diffusion
have not been reported for those heterostructures based on Cu,O. In this work, Cu,O is also deposited
using ED. ED is a simple chemical technique, by which a thin film can be deposited in a large area at a
low cost, and thus it is advantageous for solar cell production. The results suggest that the heterostructures
based on the as-deposited and annealed Fe-O films show photovoltaic properties, and therefore, both

Fe,03; and FeOOH can be hetero-partners for other p-type absorbers.



2. Experimental details

v-FeOOH thin films were potentiostatically electrodeposited onto indium tin oxide (ITO)-coated glass
substrate using the three electrode electrochemical cell with platinum sheet and saturated calomel
electrode (SCE) as counter and reference electrodes, respectively [2]. An aqueous solution containing 50
mM FeSO,.7H,0 and 100 mM Na,SO, was prepared for ED. Subsequently, the as-prepared solutions
were saturated with oxygen by bubbling before the deposition started; the bubbling rate was kept at 0.5
L/min. The y-FeOOH films were deposited on the 1 x 1 cm? exposed area of the ITO electrode by
applying a constant cathodic potential of -0.9 V vs SCE. The experiment was carried out using freshly
prepared solution for each deposition to ensure that the reaction is mainly due to electroreduction of Fe*,
water, and dissolved oxygen producing FeOOH film. As already reported in our previous work, possible
hydrolysis of Fe?", forming yellowish colloidal precipitates, occurred when the deposition and oxygen
bubbling duration were extended [2]. All the depositions were carried out at room temperature and in a
stirred solution for 10 min. The deposited y-FeOOH thin films with a thickness about 300 ~ 500 hm were
annealed at 100, 200, 300, and 400°C for 1 h in ambient air using the tube furnace. To fabricate Cu,O/Fe-
O heterojunctions, the Cu,O layer was then galvanostatically electrodeposited onto the as-prepared and
annealed Fe-O films from the solution containing 0.2 M CuSO, and 1.6 M C3HsO3 (with pH adjusted to
12.5 using KOH) with a constant cathodic current density of -1.0 mA/cm? at solution temperature of 40°C
[13,14]. The deposition duration for the Cu,O layer was maintained for 10 min. We did not found
significant dissolution of the Fe-O layers in the Cu,O deposition solution. In fact, Fe-O is known to be
stable in alkaline solutions (an Fe-O anode usually works in.a 1 M NaOH solution in the photocatalyst
application [1]).

A JASCO U-570 ultraviolet/visible/near infrared spectrometer was utilized for optical transmission
studies with the ITO substrate as the reference. The thickness of the films was measured with an Accretech
Surfcom-1400D profilometer. Compositional analysis was carried out by using a JEOL JAMP-9500F
field-emission Auger electron spectroscopy (AES). Argon ion etching was performed to sputter the film’s
surface at an acceleration voltage of 2 kV and ion current of 2.6 mA. AES spectra were recorded after 30 s
of sputtering at a rate of 10 nm/min. The composition ratio (Fe/O) was calculated using standard Fe,O3
compound as a reference material. Raman spectroscopy was done by applying a JASCO NRS-3300 laser

Raman spectrophotometer. A red laser with 632.83 nm wavelength was utilized in Raman spectroscopy.



To determine the conductivity type and photoresponse, photoelectrochemical (PEC) measurement was
performed by utilizing the three-electrode electrochemical cell with aqueous 0.1 M Na,SO, as the
electrolyte. The voltage was scanned linearly towards the forward bias region, and the sample was
illuminated from the substrate side to evaluate the photoresponse.

After the fabrication of Cu,O/Fe-O heterojunction, indium electrodes with 1 mm? area each were
evaporated on top of the heterostructure for electrical contacts. Thus, the structure of the solar cell is
In/Cu,O/Fe-O/ITO. Since the resistance along the film surface is expected to be much higher than that in
the thickness direction, each electrode is considered to be effectively isolated. We confirmed that In is a
good ohmic metal for both Cu,O and Fe-O without any thermal treatment. The photovoltaic properties of
the cell were evaluated by using a solar simulator under AM1.5 (100 mW/cm? illumination condition.

The heterostructure was exposed to the irradiation from the ITO substrate side.

3. Results and discussion

3.1 Compositional and morphological characterizations

The composition of the as-deposited and annealed films was obtained from the differential AES
spectra shown in Figure 1. As seen in Figure 1(a), the Fe and O peaks are clearly observed with Fe/O ratio
of approximately 0.52. Similar AES spectrum was observed for annealed films. The representative
spectrum is shown in Figure 1(b) for the film annealed at 400°C. As indicated, the Fe/O ratio is
approximately 0.67, which is very close to the stoichiometric ratio of Fe,Os. The estimated Fe/O ratios for
other annealed samples are listed in Table 1. It is noted that the Fe/O ratio remains at around 0.5 when the
annealing temperature is 100°C, and it increases to around 0.67 as the temperature > 200 °C. This
appreciable change in Fe/O ratio indicates transformation of the as-deposited film to Fe,Os.

Raman spectroscopy was performed to further examine the phase transformation upon annealing. The
Raman shifts of the as-deposited and annealed Fe-O thin films are shown in Figure 2. As seen in in Figure
2(), the as-deposited film exhibited sharp peaks at 252 and 384 cm™ and broad peaks at 537 and 663 cm™,
which are characteristic Raman shifts of y-FeOOH in good agreement with the reported Raman peaks of
v-FeOOH in the literature [15-17]. Hence, these results confirmed the successful deposition of y-FeOOH.
For films annealed at 100 — 400°C, the Raman spectra depicted in Fig. 2(b) change as the temperature

increases. At 100°C, the Raman peaks are very similar to that of the as-deposited film, implying that the
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film is still y-FeOOH. However, as the calcination temperature progresses from 200 — 300°C, the
characteristic peaks associated to y-FeOOH completely disappeared. The peak positions are now located at
345, 398, 486, 670, and 710 cm™, which agree very well with the reported Raman shifts of y-Fe,O3 phase.
Further annealing at 400°C resulted to Raman spectrum with obvious peaks at 221, 291, 407, 486, and 608
cm™, which are signature Raman shifts for a-Fe,O3 [15-17]. The above results suggest that y-FeOOH
transforms to y-Fe,O3 at around 200°C and finally transforms to thermally stable a-Fe,O3 at around 400°C
[4-7].

Figure 3 shows the SEM images of the films annealed at (a) 100, (b) 200, (c) 300, and (d) 400°C. The
morphology of the annealed samples seems to be somewhat refined with increase in annealing
temperature. The thickness of the as-deposited Fe-O film is about 400 nm. There is a thickness fluctuation
(about 20%) within the deposition area. It is noted that no significant change in thickness was observed for
annealed films, which suggests that the roughness of the films reduces by annealing while the thickness

remains constant.

3.2 Optical transmission and photoelectrochemical measurements

Figure 4 shows the results of the optical transmission measurement for as-deposited and annealed Fe-
O thin films. As seen, the absorption edge lies between 500 and 600 nm for as-deposited film. Interference
patterns are not observed probably because of scattering due to surface roughness, and thus we did not
consider the interference effects in the analyses. For band gap estimation, the Tauc’s plot obtained using
the transmission data for as-deposited y-FeOOH is shown in the inset of Figure 4. By extrapolation of the
linear region, the direct band gap is approximated to be 2.3 eV. The optical transmissions of Fe-O thin
films under different annealing temperatures are indicated in the figure. As observed, the absorption edge
for annealed Fe-O films is still between 500 — 600 nm, suggesting that no appreciable change in the band
gap is expected. The estimated band gap for films annealed at 200 - 300°C is 2.2 eV, which agrees well
with the reported band gap obtained for y-Fe,O3 nanowires [18]. The band gap of 400°C-annealed Fe-O
film is slightly reduced to 2.1 eV, which is a typical value for a-Fe,O3 [1].

Figure 5 shows the PEC measurement of the as-deposited and 100°C-annealed y-FeOOH. No
photocurrent response is observed during negative bias, whereas the photocurrent response is clearly
observed during positive bias. Because the photocurrent is positive, the photogenerated minority carriers

are holes. This signifies n-type conductivity. The PEC response of the film annealed at 100°C also shows
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positive photocurrent, indicating n-type conductivity. It is noted that all the annealed samples give similar

n-type conductivity and photoresponse.
3.3 Photovoltaic characteristics of Cu,O/Fe-O heterostructures

The current-voltage (J-V) characteristics of Cu,O/y-FeOOH and Cu,O/a-Fe,O; heterostructures are
depicted in Figure 6. As can be seen, both the heterostructures demonstrate rectification properties and the
current density increases upon illumination. Furthermore, all the fabricated heterojunctions with Fe-O thin
films annealed at different calcination temperatures exhibit photovoltaic characteristics as shown in Figure
7. The solar cell performance is listed in Table 2. Herein, we can see that the estimated solar cell
parameters show no big difference. The solar conversion efficiency of the Cu,O/Fe-O heterojunction is
low (< 0.1%), which could be partly due to high resistivity of the deposited layers. We evaluated the
resistivity of y-FeOOH, y-Fe,O3 and a-Fe,O3 layers by comparing the J-V characteristics of the In/Fe-
O/ITO structures with those of the In/ITO structure. The approximated resistivity of y-FeOOH, y-Fe,O3
and a-Fe,0z layers is 680 Qcm, 780 Qcm, and 35 kQcm, respectively. The resistivity of Cu,O is about 3
kQcm. The total thickness of the cell is rather small (about 1 mm), but still the cell can absorb the light of
wavelengths < 500 nm almost completely. Thus, the thickness is not the main reason for the low efficiency.
The stability of the Cu,O/Fe-O heterostructures was also examined under prolonged irradiation. It was
observed that the V¢ for Cu,0/FeOOH cell decreased by about 30%, whereas the Isc remained almost the
same after 6 h irradiation. For the Cu,O/Fe,O3 junction, the decrease in Voc was nearly 25%, but the Jsc
did not decrease significantly. Furthermore, we found that the Voc can be recovered when the Cu,O/Fe-O
junctions are allowed to cool down after a prolonged exposure to light, for instance, within 1-hour after
the 6-h irradiation, the Voc recovered to 80% of the initial value. Thus, it can be speculated that the
decrease in Vo is partly due to heating and partly due to degradation of the Cu,O/Fe-O cells during the
prolonged illumination.

In our previous work, it was found that y-FeOOH is a suitable n-type material in a heterojunction
solar cell. The results of the effect of annealing indicate that the y-FeOOH phase remains even after the
100°C annealing and thus can be regarded as stable under the usual operating condition of a solar cell. By
the annealing at temperatures higher than 200°C, y-FeOOH transforms to y-Fe,O3 and a-Fe,03. All of the
Fe-O phases have similar band gap and photosensitivity. The heterostructures consisting of those Fe-O

phases and Cu,O exhibited rectification and photovoltaic properties, and there is no obvious difference in
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the solar cell performance between them. Those results signify that y-FeOOH, y-Fe,O3 and a-Fe,03 can be

applicable as an n-type material to fabricate p-n heterojunction solar cells.

4. Conclusion

Cu,0/Fe-O heterojunctions were successfully fabricated by ED. y-FeOOH films were electrodeposited
from oxygen-saturated FeSO4-Na,SO, aqueous solutions, and y-Fe,03 and a-Fe,03 layers were fabricated
by annealing the y-FeOOH films in ambient air. As-deposited and annealed Fe-O films showed n-type
conductivity with approximated band gap of 2.1 - 2.3 eV. The Cu,0/Fe-O heterostructures were fabricated
by depositing Cu,O on the as-deposited and annealed Fe-O films. It should be noted that all the fabricated
Cu,O/Fe-O heterostructures demonstrated photovoltaic properties with open circuit voltage (38 - 108 mV)
and short circuit current density (0.74 — 1.58 mA/cm?), although no notable differences were obtained in
the approximated solar cell parameters. These results clearly suggest that y-FeOOH, y-Fe,03 and a-Fe,O3
can be utilized as n-type semiconductor in p-n heterojunction solar cells. To the best of our knowledge,
these Cu,0/y-Fe,03 and Cu,0/a-Fe,03 heterojunctions were fabricated for the first time, and hence the
present findings introduce additional choices for n-type semiconductor to fabricate heterojunction solar

cells.
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Figure captions

Figure 1 Differential Auger spectra of as-deposited (a) and 400°C - annealed (b) Fe-O thin films. The
indicated Fe/O ratio is estimated using Fe,O3 as the standard.

Figure 2 Raman spectra of (a) as-deposited and (b) annealed Fe-O thin films. Annealing temperature is
indicated in (b).

Figure 3 SEM images of Fe-O thin films annealed at different temperatures: (a) 100, (b) 200, (c) 300, and
(d) 400°C.

Figure 4 Optical transmission (in %) of as-deposited and annealed Fe-O thin films at different calcination
temperatures: 100, 200, 300, and 400°C. Inset shows the Tauc's plot for band gap estimation of as-
deposited Fe-O film as representative.

Figure 5: PEC response of as-deposited and 100°C-annealed Fe-O thin films.

Figure 6 J-V characteristics of Cu,O/Fe-O heterostructures with (a) y-FeOOH and (b) a-Fe,O; n-type
layers.

Figure 7 Photovoltaic characteristics of Cu,O/Fe-O heterojunctions with as-deposited and annealed Fe-O

thin films.
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Table.1. Fe/O composition ratios and bandgap of the as-deposited and annealed Fe-O films.

As-dep 100°C  200°C 300°C  400°C
Fe/O ratio 0.52 0.53 0.66 0.67 0.67
Bandgap (eV) |23 2.3 2.2 2.2 2.1

11



Table.2. Solar cell parameters of the Cu,O/Fe-O samples under different condition.

As-dep  100°C  200°C  300°C  400°C
Vee (V) 0.093 0.064 0.108 0066  0.038
Jse (MA/cm?) 0.93 1.15 0.74 158 1.12
FF 0.30 0.26 0.35 0.30 0.28
n (%) 0.026 0019 0027 0028 0.011
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Figure 1 Differential Auger spectra of as-deposited (a) and 400°C - annealed (b) Fe-O thin films.
The indicated Fe/O ratio is estimated using Fe,O3 as the standard.
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Figure 2 Raman spectra of (a) as-deposited and (b) annealed Fe-O thin films. Annealing
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Figure 3 SEM images of Fe-O thin films annealed at different temperatures: (a) 100, (b) 200, (c)
300, and (d) 400 °C.
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Figure 4 Optical transmission (in %) of as-deposited and annealed Fe-O thin films at different
calcination temperatures: 100, 200, 300, and 400°C. Inset shows the Tauc's plot for band gap
estimation of as-deposited Fe-O film as representative.
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Figure 5: PEC response of as-deposited and 100°C-annealed Fe-O thin films.
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Figure 6 J-V characteristics of Cu,O/Fe-O heterostructures with (a) y-FeOOH and (b) a-Fe,O3 n-

type layers.
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Figure 7 Photovoltaic characteristics of Cu,O/Fe-O heterojunctions with as-deposited and
annealed Fe-O thin films.
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