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Solution-processed CaMnO3-δ-based all oxide solar cells with high open-circuit voltage
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Finding a low-cost, stable solar absorber with suitable optical properties is one of the key aspects in promoting
solar cell research. Perovskite-structured CaMnO3, composed of earth-abundant elements, is an environmentally
friendly multifunctional material especially featuring thermoelectricity and G-type antiferromagnetism. In this
paper, we explore the potential of CaMnO3-δ(CMO) as an absorber layer in all oxide solar cells. Solution-
processed CMO shows strong light absorption capacity in the wavelength range of 400–750 nm with the
estimated optical bandgap of 1.77 eV. First-principles calculations show d-d transitions within the upper Mott-
Hubbard bands, and lower Mott-Hubbard bands constitute the electronic bandgap, whereas the p-d transitions
between the O 2p and Mn 3d bands contribute to the optical absorption in the visible region. Furthermore, a
gradual increase in the current value was observed under illumination in the photoconductivity measurement.
We have designed a CMO absorber-layer-based all oxide solar cell using a conventional mesostructured TiO2

photo-anode and NiO hole transport layer (HTL). The suitable band alignment of the CMO absorber with both
TiO2 and NiO enables us to achieve an average open-circuit voltage (VOC) of 0.92 V with the maximum value
of 1.03 V, which is among the highest reported values so far for oxide-based solar cells. Solar cell parameters
were also validated using simulations. Our results add a direction in the search for low-cost, stable solar absorber
materials.
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I. INTRODUCTION

Perovskite-structured manganites with the chemical for-
mula RMnO3, where R is a trivalent rare-earth cation or diva-
lent alkaline-earth cation (R = La, Ba, Nd, Ca, Sr, Y, Pr, etc.),
exhibit unique electric and magnetic properties [1–3] and have
been extensively used in many practical applications like mag-
netoresistance switching [4], fuel cells [5], and gas sensing
[6], to name a few. Ca and Mn are present at the 5th and 12th
positions [7,8] in the most earth-abundant metal list, making
CaMnO3 one of the cheapest materials among the existing
sustainable manganites. The high negative Seebeck coefficient
(S ∼ −350 μV K−1) makes it a promising thermoelectric ma-
terial [9]. Recently, CaMnO3 has been used in energy storage
[10,11], as an electrocatalyst [12], and as a buffer layer in solar
cells [13], confirming its multifunctionality.

In general, oxides are environmentally stable and exten-
sively used as electron transport layer (ETL) or hole transport
layer (HTL) in solar cells [14–19]. Some oxides have also
been used as active absorber layers [20,21]. Complex ox-
ides possess bandgap tunability with the change in chemical
compositions providing an auxiliary advantage in designing
multijunction solar cells or panchromatic solar cells [22–24].
Hence, some perovskite oxides like BaTiO3 [25], BiFeO3

[26,27], LaVO3 [28], KNbO3 [29,30], and Pb(Zr, Ti)O3 [31]
have been used as active absorber layers in solar cells. Among
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them, BaTiO3, BiFeO3 and Pb(Zr, Ti)O3 have large bandgaps,
restricting their light absorption capacity to a shorter wave-
length range in the solar spectrum, while La and V being
expensive, do not provide cost-effective solutions. Environ-
mentally friendly n-type semiconducting CaMnO3 has an
experimental direct bandgap of 1.55 [32] to 1.75 eV [33]
with high absorption coefficient of 105 cm−1 and a fast charge
carrier mobility of 0.02–0.05 cm2 V−1 s−1 [34], making it a
promising absorber material in solar cells.

In this paper, we have synthesized CaMnO3-δ (CMO) thin
films using the sol-gel spin coating technique and studied their
optical and optoelectronic properties. The solution-grown
CMO thin film shows a direct optical bandgap of 1.77 eV
with an absorption coefficient > 104 cm−1. Density functional
theory (DFT) has also been employed to explain the electronic
band structure and the origin of light absorption in the vis-
ible spectrum. Furthermore, on broadband light illumination,
CMO film shows about a 2.5-fold increase in the current value
over the dark current. Based on the suitable optical and pho-
toconducting nature of CMO, we have fabricated an all oxide
solar cell using CMO as an absorber. In a conventional sensi-
tized solar cell architecture, with mesoporous TiO2 (m-TiO2)
as an electron transporting layer and NiO as a solid-state HTL,
we could achieve a maximum open-circuit voltage (VOC) of
1.03 V with an average of 0.92 V, which is among the highest
reported VOC for all oxide-based solar cells. To validate our
results, we have also simulated our device performance using
SCAPS software. The increase in the VOC after adding a NiO
HTL mainly originated due to the suitable band alignment of
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FIG. 1. (a) Schematic of the orthorhombic crystal structure of CMO. (b) X-ray diffraction (XRD) pattern of CMO thin film. (c) Fourier
transform infrared (FT-IR) spectra of CMO film. (d) X-ray photoelectron spectroscopy (XPS) survey scan spectra of CMO thin film. High-
resolution XPS spectra of (e) Ca 2p and (f) Mn 2p.

CMO with the charge transporting layers. Our results provide
a substructure for further research in cost-effective and en-
vironmentally friendly stable oxide photo-absorber materials
for all oxide solar cells or the high bandgap top subcell in
monolithic tandem solar cells.

II. EXPERIMENTAL SECTION

CMO thin film was deposited on a glass substrate using the
solution-processed spin coating method. In brief, 0.25 M pre-
cursor solution of CMO was made by adding stoichiometric
amounts of calcium nitrate tetrahydrate [Ca(NO3)24H2O] and
manganese nitrate hydrate [Mn(NO3)2H2O] in glacial acetic
acid at room temperature. A small amount of ethanol and
methanol were added to prepare a homogeneous and transpar-
ent solution. All chemicals were > 99.9% pure and purchased
from Sigma-Aldrich. The solution was stirred at 70 °C contin-
uously for 3 h. To maintain the pH value of the solution at
4.1, a small amount of triethanolamine was added. The films
were then deposited on the glass substrate by spin coating at
2000 rpm for 60 s. The films were first dried at 350 ◦C for
10 min to remove the organic solvents, then finally annealed
at 600 °C for 2 h for crystallization [35]. A similar process was
repeated to deposit multiple layers of the films to get the de-
sired film thickness. The x-ray diffraction (XRD) pattern was
characterized using Cu Kα radiation, λ = 1.5406 Å (Panalyti-
cal Empyrean), and the data were analyzed using X’Pert High
Score software. The surface morphology of the films was stud-
ied by field emission scanning electron microscope (FESEM;
JEOL JSM 7900F). The Fourier transform infrared (FT-IR)
spectrum was obtained by Nicolet IS50-Thermo scientific
instrument from 4000 to 400 cm−1. Chemical composition
and the oxidation states of Ca and Mn ions in CMO thin

films were estimated by x-ray photoelectron spectroscopy
(XPS; Nexsa-ThermoFisher). The binding energies obtained
in the XPS spectra were corrected concerning the C1s peak at
284.8 eV. The absorption spectrum of the CMO film was ac-
quired by a UV-Vis-NIR spectrophotometer (Cary 5000). To
measure the photoluminescence (PL) spectrum, the CMO film
was excited by a He-Cd laser (wavelength 325 nm, Kimmon
Koha Co. Ltd.; model KR1801C), and the emission spectrum
was recorded using a high-resolution spectrometer (Horiba
Jobin Yvon model iHR 320). Ultraviolet photoelectron spec-
troscopy (UPS) measurements were performed using He (I)
(Emax − 21.22 eV) source (Nexsa-ThermoFisher) to estimate
the ionization energy of CMO.

The solar cells were fabricated on FTO-coated glass sub-
strates using spin coating following our previous report [16].
In brief, compact TiO2 (c-TiO2) was deposited from the acidic
solution of titanium isopropoxide followed by annealing at
500 °C. Then m-TiO2 was deposited on top of the c-TiO2

layer from a diluted titania paste (dyesol 18NR-T) and then
annealed at 550 °C for 1 h. A layer of CMO precursor solution
of ∼30 μL is then deposited to add the absorber layer fol-
lowed by a layer of NiO HTL from the nickel acetate solution.
Finally, the top contact was made by depositing a 100 nm Ag
electrode using thermal evaporation, and the final device area
was 0.01 cm2.

III. RESULTS AND DISCUSSION

Perovskite-structured CMO shows antiferromagnetic be-
havior at room temperature and crystallizes into a Pnma
structure [13] in which Mn cations are present at the center of
the octahedron, while Ca cations exist at the 12 coordinate po-
sitions, as shown in Fig. 1(a). The XRD pattern of the thin film
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FIG. 2. (a) Optical absorption spectra of the CMO thin film, and the inset shows an optical image of CMO film. (b) Tauc plot of CMO thin
film. (c) Electronic band structure of CMO and (d) density of states (DOS) with partial contributions from O 2p, Mn1 3d , Mn2 3d , and Ca 3p.
(e) Photoluminescence (PL) spectra of CMO thin film.

deposited on a glass substrate shown in Fig. 1(b) matched with
CaMnO3-δ where δ = 0.05 as obtained from the crystallo-
graphic open database (COD) reference number 96-152-5995,
and estimated lattice parameters are a = 5.28 Å, b = 7.46 Å,
and c = 5.27 Å, showing the phase formation of CaMnO2.95.
The FT-IR spectrum of the CMO thin film in Fig. 1(c) shows
a band at ∼410 cm−1 due to the changes in the bond angle
of the bending mode of Mn-O-Mn; the peak at 760 cm−1

is most likely characteristic of Mn-O lattice vibration, and
a strong absorption band at ∼890 cm−1 corresponds to the
Ca-O bonds [36,37]. No other bands are present at the higher
wave numbers, confirming the absence of any other phases.
The XPS survey scan spectra of the CMO film in Fig. 1(d)
shows only the presence of calcium, manganese, and oxygen,
indicating the purity of the CMO sample. The high-resolution
XPS spectra of the Ca 2p in Fig. 1(e) show two distinct peaks
of Ca 2p1/2 and Ca 2p3/2 at 350.5 and 347 eV, respectively,
ensuring a +2 oxidation state of Ca. The deconvoluted Mn
2p spectrum in Fig. 1(f) consists of two prominent peaks at
641.7 and 653 eV corresponding to Mn 2p3/2 and Mn 2p1/2

states, respectively. This shows the oxidation state of Mn lies
between +3 and +4 [38,39], confirming the CaMnO3-δ phase
in CMO. The top view FESEM image of the CMO thin film

(Fig. S1 in the Supplemental Material [40]) shows a granular
film with voids.

Optical absorption spectra of CMO thin films were mea-
sured in the wavelength range of 800–350 nm, as shown
in Fig. 2(a). The absorption edge starts at the wavelength
of ∼750 nm, and the absorption coefficient increases to a
value > 104 cm−1 at the wavelength of ∼700 nm, reaching
a maximum value > 6 × 104 cm−1 at ∼400 nm. The inset of
the absorption spectra shows the optical image of the CMO
film on a glass substrate, and the dark brown color agrees
with their absorption spectra. The Tauc plot in Fig. 2(b) shows
two prominent direct optical bandgaps at 1.77 eV (Eg1) and
2.25 eV (Eg2). The Eg1 value is like the value reported for the
pulsed-laser-deposited CaMnO3 films [33]. To further clarify
our optical data and their correlation with the band structure,

TABLE I. Allowed optical transitions and their corresponding
optical energy levels.

Allowed transitions �1 → �5 �1 → �6 �1 → �7 �1 → �8

Energy gap (eV) 1.47 1.55 1.64 2.46
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FIG. 3. (a) The current-voltage curves of pure CMO film in dark and under illumination (for 5 min). Inset shows the three-dimensional
schematic of the photoresponse measurement setup. (b) The photocurrent time response of CMO films at 15 V as a function of illumination.

we performed first-principles calculations of CMO within the
DFT framework implemented in QUANTUM ESPRESSO [41]
and following previous reports [42]. The details of the calcu-
lation methodology are given in Supplemental Material Note
S1 [40]. The electronic band structure and the density of
states (DOS) are shown in Figs. 2(c) and 2(d), respectively.
To better understand the transition levels, some points at the
zone center (from �1 to �8) in the E -K diagram have been
marked in Fig. 2(c). The band structure shows an electronic
transition with a direct bandgap of 1.32 eV between the upper
and lower Mott-Hubbard bands (�4 → �5). The valence band
maxima have overwhelmingly O 2p character. However, there
is also a tiny contribution from the Mn 3d orbitals, resulting
in a hybridized state between these two sets of orbitals. In
contrast to the valence band maxima, the Mn 3d orbital has
the largest contribution to the conduction band minima, while
the contribution of O 2p is almost equal to that of the Mn
3d orbital. The estimated bandgap value is closer to the value
reported earlier [43]. However, CMO has a Pnma space group
with inversion symmetry; hence, the electric-dipole operator
with odd parity can enable optical transitions between states
with opposite parities only [28,44]. A detailed discussion of
the allowed transitions is given in Supplemental Material Note
S2 [40]. Since valence band states �2, �3, and �4 have the
same even parity with the conduction band states from �5 to

�8 (corresponding to the Mn 3d bands), transitions between
these levels are forbidden. The allowed transitions are from
the �1 position of the valence band (corresponding to O 2p)
to the Mn 3d bands in the conduction band. The estimated
transition values are given in Table I, and these values closely
match the absorption data. The room temperature PL spectrum
[Fig. 2(e)] of the CMO films shows a strong emission peak
∼3.18 eV and a broad emission at 1.72 eV, consistent with the
absorption data. The existence of emission confirms the direct
bandgap nature of CMO as obtained from DFT calculations
and the Tauc plot.

To study the photoresponse of the solution-grown CMO
thin film, current vs voltage characteristics under dark and
light (from a xenon light source) were measured, and the plot
is depicted in Fig. 3(a). Linear I-V characteristics both under
the dark and illumination confirm the ohmic contact of silver
with CMO. A 2.5 times increase in the photocurrent values
over the dark current at a bias of 15 V in Fig. 3(a) and a
steady rise under illumination in the transient photocurrent re-
sponse in Fig. 3(b) confirm that the CMO films are sensitive to
light.

The suitable optical and photoconducting properties of
solution-grown thin films prompted us to study the photo-
voltaic properties of CMO. Conventional sensitized solar cells
in an all oxide combination were prepared, and the typical

FIG. 4. (a) Cross-section field emission scanning electron microscope (FESEM) image of the solar cell. (b) J-V characteristics of solar cell
with and without NiO hole transporting layer (HTL) under 1 sun illumination. (c) Histogram of the VOC of 25 conventional solar cells with
NiO HTL.
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TABLE II. Solar cell device parameters of devices with and without NiO HTL layer.

Device architecture VOC (V) ISC (mA cm−2) Fill factor (%) Efficiency (%)

Without NiO 0.53 ± 0.12 0.150 ± 0.033 32 ± 3 0.03 ± 0.01
With NiO 0.92 ± 0.17 0.292 ± 0.022 43 ± 2 0.12 ± 0.04

structure of fabricated solar cells is given in the cross-sectional
FESEM image in Figs. 4(a) and S2 in the Supplemental Ma-
terial [40]. The phase formation of the CMO deposited on
m-TiO2 was also verified using XRD and XPS, as plotted in
Fig. S3 in the Supplemental Material [40]. We also prepared
solar cells without the NiO layer to study the charge separation
capability of CMO. Current density vs voltage (J-V ) charac-
teristics were measured using a Keithley 2450 source meter
under 1 sun illumination from a AAA solar simulator (Abet
11000A). Figure 4(b) shows the current density vs voltage
(J-V ) characteristics of the best-performing devices for both
types of solar cells. A simple mesostructured heterojunction
composed of wide bandgap TiO2 ETL coated with CMO
absorber offers the VOC of ∼0.6 V, which is missing in the
m-TiO2/NiO heterojunction (Fig. S4(a) in the Supplemental
Material [40]), confirming the photovoltaic effect in the CMO
absorber. The addition of the NiO HTL increases the VOC to
a value of the order of 1 V. To check the reliability of the
devices, 25 solar cells of each type were fabricated, and the
cell parameters are listed in Table II. The average VOC for the
devices without NiO was 0.53 V, with a maximum of 0.6 V

(Fig. S4(b) in the Supplemental Material [40]), whereas an
average VOC of 0.92 V [Fig. 4(c)] with a maximum of 1.03 V
was achieved in the conventional structure. The average VOC

obtained here is among the highest for metal-oxide-absorber-
based solar cells reported so far [45], as given in Table S1 in
the Supplemental Material [40].

Proper band alignment of the active absorber layer with
the ETL and HTL plays a crucial role in efficient charge
collection and achieving high VOC in sensitized solar cells
[46,47]. To determine the band alignment of the active ab-
sorber layer, we have combined UPS with the UV-visible
absorption spectra [48]. Figure 5(a) shows the UPS spectra
of the CMO layer on m-TiO2, and the estimated ionization
energy from the width of the spectra is −5.29 eV. Considering
the experimental optical bandgap of 1.77 eV, the calculated
electron affinity is −3.52 eV. The schematic of the energy
band configuration of the CMO with the TiO2 ETL and NiO
HTL is given in Fig. 5(b), and the conduction band positions
of the ETL and the valence band position of the HTL are taken
from the previous reports [49,50]. We simulated our solar cells
using SCAPS software to estimate the origin of higher voltage

FIG. 5. (a) Ultraviolet photoelectron spectroscopy (UPS) of CMO [work function (�) = 21.22 eV (photon energy) − (29.39–13.46 eV)].
(b) Schematic energy level diagram of the heterojunction. (c) Simulated built-in potential (Vbi ) variation across the interfaces, and inset shows
the simulated energy band offsets of c-TiO2/m-TiO2/CMO/NiO heterojunction. (d) Simulated J-V curve of CMO-based conventional solar cell.
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using the same band alignment. The optical and electrical
parameters used in the theoretical calculations are taken from
Ref. [51] and are listed in Table S2 in the Supplemental
Material [40]. The distribution of the simulated built-in poten-
tial within the mesostructured TiO2/CMO/NiO heterojunction
in Fig. 5(c) shows a gradual decrease in the potential that
plays a vital role in the charge separation in the sensitized
solar cells. The higher VOC is likely attributed to the higher
built-in potential within the heterojunction due to the large
band offsets of the absorber layer with the transporting layers
[52,53], as given in the inset of Fig. 5(c). The simulated J-V
curve of the proposed heterojunction in Fig. 5(d) also shows
a VOC value of 1.2 eV, in agreement with the experimental
observation.

Although we have achieved a high VOC, the champion
CMO-based conventional solar cell shows a power conversion
efficiency of ∼0.1%, with an average efficiency of 0.08%
(Table II). The spin coating of CMO leads to incomplete
surface coverage and insufficient pore filling of the absorber
layer within the m-TiO2 scaffold, which is evident from the
nonuniform porous structure of the m-TiO2 + CMO layer,
as shown in the top view FESEM image in Fig. S5(a) in
the Supplemental Material [40]. This, in turn, reduces the
overall absorption capacity of the CMO layer (optical im-
ages in Figs. S5(b) and 5(c) in the Supplemental Material
[40]), limiting the value of JSC. Furthermore, we performed
the EDX spectra analysis along the cross-section of the so-
lar cell to determine the distribution of elements within the
layers. The homogeneous distribution of Ti, Ca, Mn, and
Ni, within the m-TiO2 + CMO + NiO in Fig. S6 in the Sup-
plemental Material [40] confirms the lower pore filling of
m-TiO2 by CMO, which will lead to lower shunt resistance
for the TiO2/CMO/NiO heterostructure, resulting in lower
fill factor (FF) [54]. Electrochemical impedance spectroscopy
was employed to understand the factors responsible for the
low short-circuit current density (JSC) and FF in CMO-based
all oxide solar cells. The impedance spectrum was recorded
at 500 mV amplitude over the frequency range of 1 Hz to
1 MHz using an electrochemical workstation (CHI 1150C,
CH Instruments), and the corresponding fitted Nyquist plot

is shown in Fig. S7 in the Supplemental Material [40]. The
electronic parameters such as series resistance (Rs), charge
transfer resistance (RCT), recombination resistance (Rrec), and
constant phase elements (C1, C2) were simulated using ZSIM

software and are given in Table S3 in the Supplemental Ma-
terial [40]. A high charge transfer resistance of ∼93 k� and
a low recombination resistance of 2.3 k� are likely to reduce
the JSC and FF [55], respectively, for the solution-processed
CMO-based all oxide solar cells.

IV. CONCLUSIONS

In summary, we systematically explored the optical and
photovoltaic properties of CMO thin films synthesized by the
simple solution-processed spin coating method. Optical stud-
ies revealed that solution-processed CMO has a direct optical
bandgap at ∼1.77 eV with an absorption coefficient as high
as 104 cm−1. The first-principles calculations show that elec-
tronic transitions between O 2p and Mn 3d bands contribute to
the optical absorption in the visible region. Photovoltaic prop-
erties of a CMO-based solar cell were investigated. Suitable
band alignment with a large band offset of CMO with both
the NiO HTL and TiO2 ETL enables us to achieve an average
VOC of 0.92 V with a maximum of 1.03 V, which was further
validated using simulations. Our results suggest that CMO
can be used as a low-cost alternative solar absorber material.
Low pore filling of m-TiO2 by the active layer reduces overall
light absorption, leading to low JSC, and a low recombination
resistance lowers the FF, limiting the overall photoconversion
efficiency. Further optimization is required in terms of CMO
film quality, use of different ETLs and HTLs, and suitable
device architecture to significantly improve the efficacy of the
CMO-based solar cells and use the same in tandem solar cell
design.
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