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Abstract

In this work, we first report on the fabrication of ToMnO; (TMO) powders and doping with In, Lu, Gd,
Sm, Nd, Y. In and Nd atoms were found to significantly reduce the cell size while preserving an
orthorhombic structure. Conversely, we show that hexagonal h-TMO, indium doped TMO (h-In-TMO),
yttrium doped TMO (h-Y-TMO), and YMnOs (h-YMO) can be obtained epitaxially using pulsed laser
deposition (PLD) on Pt (111) // Al,05 (0001). The evolution of the optical properties was measured for
the PLD films and a direct bandgap of 1.5-1.6 eV was found for h-TMO and doped h-TMO films. The h-
TMO, h-In-TMO and h-Y-TMO showed no sign of ferroelectricity at room temperature as opposed to
h-YMO. No short-circuit current in solar cell configuration was found under 1 sun illumination.
However a photovoltaic behaviour was observed by surface photovoltage for the h-Y-TMO and h-YMO,

indicating that Y incorporation in h-TMO is helpful for the photovoltaic properties.
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1. Introduction

Ferroelectric photovoltaics (FPV) are different from conventional pn junction solar cells because the
photogenerated electron hole pairs are separated by the ferroelectric polarization originating from the
polar noncentrosymmetry of the structure. This can lead to open circuit voltage values (Vo) much
higher than the bandgap of the materials[1] and to the possibility of switching the direction of the
photocurrent by applying an electric field pulse to the device[2]. The main limitation of ferroelectric
photovoltaics has been the high bandgap of such ferroelectric materials. A prototypical example is
BiFeOs; with a bandgap up to 2.7 eV[3, 4]. A solution was provided by considering a double perovskite
Bi.FeCrOg (BFCO) in which the bandgap could be reduced from 2.6 to 1.9 eV[2, 5, 6] simply by
controlling the Fe/Cr order. Along the same line, other materials are being investigated such a KBiFe,0s
(with a bandgap ranging between 1.6-2.3 eV)[7]. Still, the efficiency record of FPV solar cells remains
with BFCO with a power conversion efficiency of 8.1 %[2]. This value corresponds to the efficiency

record of oxide based solar cells, shared with Cu,0[8, 9].

In a previous study by Han et al., hexagonal manganite thin films were proposed as a ferroelectric solar
cell absorber, namely h-LuMnOs and h-YMnOs[1;. It was found that the photocurrent was reversibly
switchable, with an open circuit voltage Vo up to 0.71 V and a short circuit current density Jsc up to
0.55 mA/cm?, leading to a maximum conversion efficiency of around 0.1 %[10]. The latter value was

two orders of magnitude higher than a similar study with h-TmFeO3 and h-LuFeOs absorbers[11].

In this work, inspired by a theoretical article by Y. Tsymbal et al.[12], we focus on hexagonal rare-earth
manganites (h-RMnOs where R is a rare earth ion), and in particular on h-TbMnOs (h-TMO). These
materials have received a lot of interest due to their improper structural ferroelectricity and
multiferroic properties, that differ from the orthorhombic TMO (0-TMO) phase. o-TMO is indeed a
spin-driven ferroelectric perovskite[13-16] and it was proposed as an ultraviolet photodetector[17]. In
h-TMO ferroelectricity originates from the rotation and tilt of the MnOs polyhedra[18]. Orthorhombic
rare-earth manganites such as o-TMO display ferroelectric ordering at low temperature, below 100 K
(41 K for o-TMO films)[15]. The orthorhombic phases are generally obtained in the bulk when the rare-
earth radius is large (R = La, Pr, Nd, Sm, Eu, Gd, Tb, Dy). In contrast, for smaller radius (R =Y, Ho, Er, Yb,
Lu) the hexagonal structure is obtained and ferroelectricity can reach 600-1000 K[18]. However the h-
TMO (R =Tb) phase can be grown even if unfavourable thanks to the concept of epitaxial stabilisation
using appropriate substrate such as yttria-stabilized zirconia (YSZ) (111) [19] or buffer layers such as
Pt(111)//Al,05 (0001)[18, 20]. The growth of this material is complex due to the fact that the
orthorhombic phase of TMO is more favourable and generally obtained. However the h-TMO material

has been shown with a large remnant ferroelectric polarization (8 uC/cm?) at room temperature,



making it a potential candidate for FPV[18]. In addition, h-TMO offers a direct bandgap of about 1.4
eV [12], which is almost the ideal value for a single bandgap photovoltaic absorber, together with an
absorption coefficient (for polarization perpendicular to the ¢ direction) almost two times larger than
CdTe in the visible[12]. For a h-TMO thickness of 0.5 um, the maximum photovoltaic energy conversion
efficiency was calculated to be 32 %, compared to 27 % for CdTe and 2 % for BaTiOs[12. These
predictions are very promising and the aim of the current work is to confront these calculations to

experiments.

In the present work we first provide a simple guide on the deposition of h-TMO by pulsed laser
deposition (PLD). A systematic investigation of doping effects of TMO powders and films by different
elements such as In, Lu, Gd, Sm, Nd, Y, is presented. We also describe the potential of h-TMO as a

photovoltaic absorber, by demonstrating significant values of surface photovoltage effects.

2. Experimental procedure

The TMO and doped TMO powders were prepared as follows. For pure TMO, first Tb,0; powders
(8.070 g) were poured in nitric acid (~50 ml) and heated, while stirring with a magnetic bar until a
colourless solution was obtained. Then, manganese (lIl) acetate tetrahydrate (10.812 g) was poured in
deionized water (~100 ml). The two solutions were poured into one beaker. Citric acid (15.4 g) is
dissolved in the solution together with ethylene glycol (5 g, using the Pecchini method). The excess of
water is evaporated and a viscous liquid without precipitate appears. This compound is pre-calcinated
in a furnace at 350 °C for two hours, mechanically ground in a mortar, and further calcinated at 750 °C
for 1 hin air. The obtained powder is ground again, pressed into a pellet and sintered at 850°C for 1 h
in air. For the doped TMO powders, the dopants were introduced in the required quantities in the
manganese (Il) acetate tetrahydrate solution in the form of lutetium (Ill) nitrate hydrate, gadolinium
(1) nitrate hexahydrate, samarium (lIl) nitrate hexahydrate, neodymium (lll) nitrate hexahydrate, and
yttrium (Ill) nitrate hexahydrate, respectively. For indium doping, the required In metal quantity was
poured in nitric acid and heated at 60 °C for one hour until disappearance of the metal. The solution
was then poured into the solution of the manganese (Il) acetate tetrahydrate. The pictures of the

powders are shown in the supplementary information (SI, Figure S1).

The substrates used for deposition were Al,03 (0001) one side polished (ALO) (insulating, thickness 0.5
mm). A 4-6 nm thick Pt layer was deposited at 450 °C in high vacuum on ALO (0001). The PLD process
was performed using a KrF laser (248 nm), for the Pt target with a 10 Hz repetition rate and a laser

fluence of around 5-6 J/cm? ; for the TMO targets with a 4-10 Hz repetition rate and a laser fluence of



around 1-2 J/cm?. The deposition of h-TMO was carried out at 750 °C under an oxygen pressure of 1072
mbar. h-TMO film thicknesses were in the 40-52 nm range. The as-grown films were cooled down
under the same atmosphere at a rate of 10°C/min until 300°C, below this temperature it was naturally
cooled down until room temperature. Around 30 samples were deposited for the study. The pictures
of the films are shown in the supplementary information (SI, Figure S1).For the fabrication of solar
cells, a mask was placed on the h-TMO films with openings of 1 mm?2. Indium tin oxide (ITO) was

deposited by PLD through the mask at 250 °C in 1072 mbar O..

Doped TMO powders were investigated with a Bruker-AXS D8 Advance X-ray diffractometer with Cu
Kq1 radiation (40 kV, 40 mA, 0.154056 nm). Lattice parameters of the powders were refined using the
FullProf Suite. The crystalline structure of the TMO films was analyzed by X-ray diffraction using a
Rigaku SmartLab diffractometer equipped with a monochromatic source delivering a Cu Ky; incident
beam (45 kV, 200 mA, 0.154056 nm). X-ray 6-26 and reflectivity were performed in order to look for
the film structure, check the presence of spurious phases, and determine the Pt film thickness (see Sl
Figure S2). Scanning electron microscopy (SEM) was performed with a Gemini 500-ZEISS apparatus and
the stoichiometry was checked by Energy-dispersive X-ray spectroscopy (EDS) (see Sl Figure S3). The
optical properties of the undoped and doped h-TMO films were investigated by spectroscopic
ellipsometry using a HORIBA Uvisel Lt M200 FGMS (210-880 nm) apparatus. An anisotropic uniaxial
layer was inserted on top of the Pt//Al,O; structure to simulate the undoped and doped h-TMO films.
The birefringence of the films had to be considered in the models. The dispersion formula for both the
ordinary (o) and extraordinary (e) components were based on the Adachi-New Forouhi model[21]. The
goodness-of-fit values (Chi Square x?) were always better than 0.25. The spectroscopic ellipsometry
analysis was also used to determine the TMO films thicknesses (see Sl Figure S4). The ferroelectric
properties were investigated by the Piezoresponse Force Microscopy (PFM) technique using an atomic
force microscope (AFM). The tip was a 0.01-0.025 Q-cm antimony n-doped Si covered with conductive
diamond. A 1000-4000 mV ac voltage was applied to the sample at 40 kHz using the VPFM mode.
Surface photovoltage (SPV) measurements were performed with a halogen source with calibrated
illumination with a single point Kelvin Probe system by KP Technology (KP020). The tip provided was
in Au with a 2 mm diameter. For photovoltaic measurements, current-voltage (I-V) characteristics were
carried out at room temperature using an Oriel VeraSol-2 AAA Solar Simulator in AM1.5G conditions
and a Keithley 2461 SourceMeter. Contacts were made either directly with a tungsten tip on TMO or

by depositing 1 mm? indium tin oxide (ITO) contacts.

3. Results and discussion



Because h-TMO films were found difficult to grow as the hexagonal phase is not the most favourable,
we studied doping of TMO powders with different elements (M = In, Lu, Gd, Sm, Nd, Y) in order to
stabilise the hexagonal phase against the orthorhombic one. The different compositions of M,Tba.
«MnOs prepared are summarised in Table 1. For In, Lu and Y a value of x=0.20 was kept for comparison
between the dopants. For Gd, Sm, Nd, because of the large size of the atoms, x was kept at 0.10. Figure
1 shows the XRD pattern of the different powders. It can be seen that for all the compositions shown,
the characteristic peaks of o-TMO were preserved. In some cases, a parasitic phase of TbMn,Os is
observed in addition to the main o-TMO phase. For IngsoTbosoMnOs and Luo4oTboeoMnOs, the
diffractogram did not match either o-TMO or h-TMO (see Sl Figure S5). For all the other compositions,
no sign of h-TMO could be detected but only o-TMO. Table 1 shows the lattice parameters extracted
from Rietveld refinements, the volume V of the unit cell and the average atomic radius calculated as
VY3, The ion-oxygen distance is indicated for each dopant element[22, 23]. First it can be seen that
going from pure TMO to Ing.15TbossMnO3 and Ing20Tbo soMnO3 the volume or average atomic radius is
gradually decreasing. The effect looks much less pronounced with Lu, Gd, Sm, Y doping as V3 stays in
the 6.1 A range. Nd doping shows a reduction of V and V* even more pronounced than for In in
INo.15Tho.ssMnOs. These results suggest than In and Nd are inserted in the TMO matrix while Lu, Gd, Sm,
Y have low influence on the cell size. Two of the dopants were thus selected for fabrication of doped
TMO targets, namely In, because of its large effect on V, and Y, because YMnOsj is easily synthesized in
the hexagonal phase[18] and is a known ferroelectric material[24]. Three aspects must be investigated
with In-TMO and Y-TMO films, first the impact of the dopants on the formation of the hexagonal TMO
phase, second the impact on the ferroelectric properties of the films and third the impact on the optical

and photovoltaic properties.

Films of TboMnOs; (TMQO), Ing.20Tbo.soMNnO3 (IN-TMO), Yo.20Tbo.soMnO3 (Y-TMO) and YMnOs (YMO) were
then grown by PLD on Pt//ALO (0001). Pt is grown epitaxially by PLD and plays two key roles. The first
one is that it is used as a conductive electrode for further ferroelectric and photovoltaic
measurements. The second is that as shown in [18, 20, 25] the in-plane symmetry of the Pt layer is
rotated by 30° in respect to the ALO (0001) substrate, leading to a Pt layer with hexagonal structure
that is well adapted to h-TMO. Figure 2a shows the XRD pattern of the films grown at 10 Hz laser
repetition rate and 2 J/cm? fluence. It can be seen that for all the films, Pt is grown epitaxially as
demonstrated by the presence of the Pt (111) and (222) reflections. As opposed to 0-TMO, h-TMO
presents a distinct (0002) peak at around 26=15.4°[20]. It can be seen that the YMnOs is present only
in the hexagonal phase, while for pure TMO and In-TMO both hexagonal and orthorhombic phases can
be observed. Y-TMO does not show any distinct peak for the TMO phases. TMO films were grown at

higher temperature (900 °C) at 10 Hz repetition rate and no improvement was observed.



Figure 2b shows the XRD pattern of films grown this time with 4 Hz repetition rate and 1 J/cm? fluence.
Here, for pure TMO, In-TMO and Y-TMO only the hexagonal phase can be observed. This shows that
by reducing the laser repetition rate and the laser fluence, thereby giving more time for growth kinetics
after nucleation, the hexagonal phase can be obtained. The epitaxial relationship of the films is
[1000]TMO(0001) / [2 -1 -1]Pt(111) // [2 1 -3 O]JALO(0001) as reported in [25]. Figure 2c shows a zoom
in the 206 region from 28 to 45°. It can be seen that while the Pt (111) and ALO (0006) are precisely in
the same position, the position of the h-In-TMO (004) peak is noticeably shifted by about 0.2° to the
left of the h-TMO (004) peak. The corresponding c lattice parameter is 11.463 A for h-TMO and 11.531
A for h-In-TMO. The former is an excellent match with previous values [25] and the latter means that
cis increased by 0.6 % with In doping which is a sign that In is inserted in the h-TMO matrix as it was

the case for the o-TMO powders.

The optical properties of the films were investigated by spectroscopic ellipsometry as discussed in the
experimental section. As a matter of fact, calculations for pure h-TMO in [12] indicate extraordinary
optical linear dichroism and linear birefringence properties. Figure 3a shows the ordinary a, (light
polarization in the ab plane) and extraordinary a. (light polarization along the c axis) absorption
coefficients for h-TMO, h-In-TMO, h-Y-TMO films and for the h-TMO calculation[12]. It can be observed
that between experimental and calculated h-TMO absorption coefficients the absorption band edge is
less than 0.4 eV apart so that globally the match is globally satisfactory. It is well known that
calculations cannot predict precisely the bandgap of materials. Only the complex shape above 2 eV for
the ordinary contribution is not visible in the experimental data. The predicted high o, absorption
plateau of around 10° cm™ is also present. The doped h-TMO films provide similar properties to pure
h-TMO, apart from the extraordinary contribution of h-In-TMO that has a band edge 0.6 eV higher. In-
doping causes a stronger modification of lattice parameters than Y-doping, as evidenced in Figure 2c.
It was also the case for 0-TMO as shown in Table 1. Lattice parameters changes are well known to
modify the bandgap properties [26] and therefore the absorption coefficients. The Tauc plots extracted
from o, are shown in Figure 3b. A direct bandgap of 1.55, 1.61 and 1.60 eV is observed for h-TMO, h-
In-TMO and h-Y-TMO respectively, which is a good match with previously reported values[27]. The
high absorption coefficient 10° cm™, the values of the bandgap of about 1.6 eV, and the low thicknesses
of the films can be compared to similar values for another material in the two dimensional form,

MoSSe, that is envisaged as a water-splitting photocatalyst [28, 29].

In the next part, we report on the electrical properties of the PLD films. PFM was performed to
investigate the possible ferroelectricity of the films. It was found that the h-TMO, h-In-TMO and h-Y-
TMO did not provide any clear ferroelectric loop with a well-defined hysteresis nor poling images

indicating ferroelectricity. Only the h-YMO film showed ferroelectric characteristics, as shown in Figure

6



4, but with a very low hysteresis voltage (see Sl Figure S6 for the other samples). The first report on
ferroelectricity in h-TMO by Lee et al. found a Curie temperature well below room temperature,
around 60 K, based on dielectric and electrical measurements[25]. Eight years later Kim et al.
performed PFM on h-TMO at room temperature and by heating up to 180 °C, while hysteretic PFM
loops were observed[18]. In the present case we do not observe any sign of ferroelectricity at room
temperature, except for h-YMO. The surface of the films was found very flat with root-mean-square

(RMS) roughness below 0.6 nm over 0.25 pm? (see S| Figure S7).

I-V characteristics under 1 sun showed that the short-circuit current Isc of the structures was below the
detection limit of the equipment (below 0.1 nA). The |-V characteristics were not showing any
rectification but rather a tunnelling behaviour. This indicates that the films are extremely resistive
which may account for the absence of a short-circuit current Isc. Voltage pulses up to £10 V did not

provide any change on the Isc.

Another powerful technique that was used to investigate the photovoltaic properties is the surface
photovoltage (SPV). It is based on a Kelvin probe setup where the sample is illuminated with a white
light while monitoring the contact potential difference (CPD). Figure 5a shows such a measurement for
the different devices. The Pt electrode is connected to the ground while an Au tip is approached to the
surface of the manganite films. The h-TMO and In-TMO show no response to light, while h-Y-TMO
shows a better response than h-YMO. This means that both h-Y-TMO and h-YMO provide a
photovoltaic response. The SPV signal determined as SPV = CPD(light)-CPD(dark) is shown in Figure 5b
as a function of illumination of the halogen light source and confirms the observation of the
photovoltaic behaviour. In this solar cell configuration, the SPV signal is related to the open-circuit
voltage which is found to be the highest for the h-Y-TMO sample with about 80 mV at 20 mW/cm?.
This corresponds to a relatively large area measurement as the tip has a 2 mm diameter. Therefore it
is clear that doping has a large impact on the photovoltaic properties of h-TMO and that the properties

of h-YMO can be surpassed with h-Y-TMO which may encourage further research.

4. Conclusions

Powders of doped TMO were investigated to encourage the formation of an hexagonal TMO phase. In
and Nd incorporation were found to greatly reduce the TMO cell size without leading to a hexagonal
phase. Hexagonal films of TMO, In-TMO, Y-TMO and YMO were obtained thanks to epitaxial
stabilisation on Pt (111), by carefully adjusting the PLD laser repetition rate to 4 Hz. The optical

properties namely the absorption coefficient and the bandgap were determined for TMO, In-TMO, and



Y-TMO films. Birefringence was found in these films. The absorption coefficient was about 10° cm™ at
2 eV for the TMO and doped TMO films and the direct bandgap in the 1.5-1.6 eV range (ordinary
contribution). Concerning the ferroelectric properties of the films at room temperature, only the h-
YMO films showed a ferroelectric-like hysteretic behaviour by PFM. |-V measurements under 1 sun
showed the absence of any measurable and switchable Isc. Tunnelling-like I-V curves were obtained
and the high resistivity observed may account for the low Ilsc observed. Still, the h-Y-TMO and h-YMO
films provide a photovoltaic response as observed by SPV which is a sign that incorporation of Y has a
beneficial effect on the PV properties. Further work on h-TMO for PV and photoferroelectric
applications should focus on the increase of conductivity of the materials for example with additional

dopants.
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Table 1: a,b,c lattice parameters obtained from Rietveld refinement for the different powders
synthesised and from the ICDD TMO reference. The volume of the cell, the average atomic radius and

the ion-oxygen distance from [22, 23] [23] are also indicated. The error bar on a,b,c is + 0.005 A.

Formula a(A) b (A) c(A) Volume | Average | lon-oxygen
(R3) atomic distance (A)
radius VY/3
(A)
TbMnOs3 5.294 5.839 7.399 228.7 6.115 2.618 (Tb*)
ICDD 025-0933
TbMnOs3 5.308 5.803 7.413 228.3 6.112 2.618 (Tb%)
as fabricated
IN0.15Tho.ssMnO3 5.295 5.789 7.378 226.2 6.093 2.520 (In%Y)
IN0.20Tho.soMNO3 5.267 5.631 7.324 217.2 6.011 2.520 (In%Y)
Luo.20Tbo.soMnNO3 5.322 5.800 7.387 228.0 6.109 2.559 (Lu®*)
Gdo.10Tbo.5oMNO3 5.316 5.798 7.363 227.0 6.100 2.628 (Gd*)
SMo.10Tbo.s0MNO3 5.302 5.796 7.401 227.4 6.104 2.648 (Sm*)
Ndo.10Tho.90MNO3 5.300 5.789 7.334 225.0 6.083 2.667 (Nd*)
Y0.20Tbo.soMnO3 5.307 5.799 7.426 228.5 6.114 2.596 (Y3*)




Figure 1: Room temperature 8-28 XRD pattern showing the different powders measured and the
ICDD references.
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Figure 2: Room temperature 8-26 XRD patterns showing the different films grown on Pt//Al,O;

(0001) at a) 10 Hz b) 4Hz laser repetition rate during PLD growth and c) is a zoom of b).
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Figure 3: a) Absorption coefficient vs. photon energy for the different layers as calculated from

spectroscopic ellipsometry. b) Corresponding Tauc’s plot assuming a direct bandgap.
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Figure 4: PFM phase and amplitude hysteresis loops at room temperature as a function of the tip
bias voltage for a) h-TboMnQO3 and b) h-YMnOs films.
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Figure 5: a) Contact potential difference (CPD) from the Kelvin probe as a function of time alternating
between dark and halogen visible light. b) Surface photovoltage (SPV) from the Kelvin probe under

variable halogen visible light illumination.
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