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Abstract

BiCuOS is a non-toxic p-type semiconductor which could be a promising candidate
for photoelectric applications. Solutions must be found to obtain thin films with a good
electronic transport at the grain boundaries, while avoiding thermal treatments detrimental to
its chemical stability. We have addressed this issue developing a chemical method for the
direct synthesis of stable colloidal suspensions of BiCuOS nanoparticles from soluble
precursors. These colloidal solutions were stabilized with a catechol functionalized poly-3-
hexylthiophene that allows easy spin-coating deposition and favors the electronic transport
along the grain boundaries. Stacking of ZnO-BiCuOS layers were achieved, allowing
preparation of n-p junctions. These act as rectifying diodes and are strongly photosensitive,
with lpn/lgarc = 85 corresponding to an enhancement of the photocurrent of more than 2 orders
of magnitude compared to that of the material on its own. With this work, we have
participated to the elaboration of new sulfide semiconductor devices through an energy

efficient and low-cost method.
A. Introduction

BiCuOCh (Ch =S, Se, Te) is a family of small-bandgap semiconductors (0.4 - 1 eV)
discovered in the early 90’s™ that have mainly been studied for their thermoelectric
properties.””™ Indeed, the very low thermal conductivity of these oxychalcogenide materials
enables to attain high power factor. Recently, it has been shown that the sulfide BiCuOS
could be used for its photovoltaic properties, as it meets the major requirements expected for



an absorber layer in heterojunction solar cells.>® In particular, the presence of Cu* vacancies,
observed in the refinement of synchrotron and neutron diffraction data,!"® is believed to be
responsible for its p-type conductivity.”'? Moreover, its stability against air and water
oxidation at room temperature as well as its composition made of non-toxic, cheap elements,
makes BiCuOS a good alternative compared to other currently commercialized materials such
as CIGS.

Different synthesis routes have been reported for the preparation of BiCuOS: solid
state annealing®* as well as low temperature methods such as hydrothermal treatment™? or
mechanosynthesis.*® However, no publication reports its deposition as a thin film, which
would be needed to test its photoelectric properties. Liquid-based deposition routes are a
promising approach for the deposition of sulfide semiconductors. This method, which relies
on the deposition of a colloidal suspension containing nanoparticles of the active material, is
indeed well adapted for complex materials, poorly stable under standard sintering conditions;
on flexible substrates or in the form of hybrid organic-inorganic layers.*¥ But the major
drawback of solution-derived thin films is their low electronic conductivity, which is often
hindered by poor grain to grain contacts since no sintering is allowed. Obtaining a film with

good intergranular electronic transport is thus required.!**

In this study, we report an effective, low temperature method for the synthesis of
BiCuOS nanoparticles. The major difficulty of the chemistry involved in the process will be
to solubilize Bi** with tartaric complexes and stabilize Cu* with ammonia complexes at the
same time. This will be obtained through optimized complexation of both ions. This approach
is then directly applied to the deposition of a thin film of the material thanks to the preparation
of a colloidal suspension along with the assessment of its photoelectrical properties.

B. Results and discussion

Synthesis

In the work reported here, a new synthesis protocol was developed in order to prepare
nanoparticles of BiCuOS necessary for its subsequent thin film deposition. Liquid-based
routes are well adapted in that matter and enable the tuning of particle morphology. Some
previously published studies report the synthesis of BiCuOS,* BiCuOSe!*™ and LaCuOS™
through hydrothermal and solvothermal routes. However, these methods generally require the
use of solid precursors such as Bi,O3 and Cu,S which dissolve progressively in solution in

order to further precipitate into the oxychalcogenide phase. Bismuth oxide dissolution is thus



the rate limiting step in this process and a relatively high temperature of 200 °C is needed in
hydrothermal or solvothermal conditions. Dissolution and reprecipitation processes favor
large grain size (~500 um). In order to obtain smaller grain size and fast direct precipitation at
low temperature, we worked on the solubilization of each precursor in its appropriate
oxidation state to directly synthesize the phase from direct precipitation at low temperature
(<100 °C).

In BiCuOS, bismuth and copper are in their +3 and +1 oxidation state respectively,
while sulfur is under its -2 oxidation state. As a sulfur source, the disodium sulfide soluble
precursor was naturally chosen. Indeed these species are known to be highly reactive and
therefore lead to the fast precipitation of sulfide based phases,™" ¥ unlike organic based
sulfur precursors such as thiourea or thioacetamide which require more time and energy to
first decompose and then react with cationic species.?>?*! When dissolved in water, disodium
sulfide dissociates into Na* S*, HS™ and H,S (pKa (H.S/HS) ~ 8 ; pKa (HS/S%) ~ 14 2, |t
IS a strong base and the pH at a concentration of 0.15 M is close to 13.

Obtaining solution of Bi** and Cu* in basic pH was therefore necessary prior to react
with the sodium sulfide solution. According to its potential-pH diagram, the stable form of
bismuth species in water in the pH range [3 — 13] is the solid Bi(OH)s%* and is therefore not
soluble. Tartrate anions are known to form stable complexes with various cations.**?*! With
bismuth in particular, it leads to the formation of various compounds,® one of which,
Bi(C4H406):Na, is water soluble.””V We have thus prepared this bismuth tartrate complex,
soluble at basic pH, by first dissolving commercially available bismuth nitrate in nitric acid,
followed by the precipitation - re-dissolution of bismuth cations in an alkaline tartrate
environment. The large NaOH excess enables to maintain a high pH necessary to avoid the
formation of H,S (pH ~ 13).

Our strategy to obtain soluble Cu" species in solution at basic pH, was first to form an
ammonia complex with Cu®* in order to avoid the precipitation of the Cu(OH), hydroxide,
and then to reduce the ammonia complex Cu(NHs),>" into Cu(NHs)," which possesses a
stability window in the high pH range that we are seeking.”®*% In standard conditions, Cu*
tends to disproportionate into Cu®* and Cu®, the electrochemical potential of the redox couple
Cu*/Cu® being higher than that of Cu?/Cu*.®Y However, the complexation with ammonia
modifies the order of the electrochemical potential and therefore prevents disproportionation.
Sodium thiosulfate is used to reduce Cu(NHs)s®* into Cu(NHs),", and the final pH of the

solution was 10.



During the process of mixing Bi** and Cu* precursor solutions, which only lasts a few
minutes, the solution stays clear and stable. However, a longer waiting time would lead to the
formation of a brown precipitate which is attributed to CuO and Cu,O species.” The sulfur
reactant is therefore swiftly added just after the mixing of the above solutions and leads to the

instantaneous precipitation of a black compound.

The XRD pattern of the precipitate just after the three precursor solutions were mixed
and heated together at 90°C for one minute is presented in Figure la and shows the
amorphous character of the compound. When increasing the reaction time to 1 hour, the
desired phase starts to crystallize (Figure 1b). Indeed, all the diffraction peaks appearing on
the pattern correspond to that of the reported BiCuOS phase, which crystallizes in the P4/nmm
space group.™ After 4 hours, the amorphous residue is no longer detectable on the XRD
pattern and BiCuOS diffraction peaks appear slightly sharper (Figure 1c). Increasing the
reaction up to 24 hours does not have much effect on the structure of the material as attested

by the similarity between XRD patterns (Figure 1c, d).
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Figure 1. XRD patterns of the mixed precursor solutions maintained at 90 °C for (a)
1 min, (b) 1 h, (c) 4 h and (d) 24 h. @ sample holder peaks. * gives the peak positions of the
BiCuOS phase (space group P4/nmm, JCPDS data file #00-046-0436)

The effect of the reaction temperature was assessed and Figure 2 shows the XRD
patterns of the compounds obtained after a 24 hours reaction at room temperature, 60 °C and
90 °C. At room temperature, the amorphous phase which is obtained immediately after
precipitation (Figure 1a) does not better crystallize when left for 24 hours at room temperature
(Figure 2a). Increasing the temperature up to 60 °C leads to the crystallization of the phase,

but the reaction is still incomplete after 24 h as attested by the residual amorphous



contribution (Figure 2b), which suggests that a longer reaction time is needed to fully
crystallize the phase at 60 °C. As discussed above, a reaction temperature of 90 °C
considerably increases the kinetics of the reaction and the crystallized BiCuOS powder is
obtained as a pure phase, assessed by XRD and SEM-EDX, after a few hours of reaction
(Figure 2c). The lattice parameters obtained after a Le Bail fit followed by Rietveld
refinement of the pattern are a=b = 3.866(1) A and ¢ = 8.598(2) A (Figure S1). Outcome of
the Rietveld refinement are presented in Table S1 and S2.
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Figure 2. XRD patterns of the mixed precursor solutions maintained for 24 h at (a)
room temperature, (b) 60 °C and (c) 90 °C. * gives the peak positions of the BiCuOS phase
(space group P4/nmm).

Microstructure

The XRD peak shapes of the phase (90°C for 24h) show some marked anisotropic
broadening, as indicated by the broader peaks corresponding to (101), (102), and (111) lines
compared to that of the (110) and (200) lines. The peak shapes were modelled using the
spherical harmonics expansion implemented in Fullprof (cf. experimental section). Figure 3a
presents the visualization, using the GFOURIER program,!*® of the average crystallite size
obtained from the refinement. This result testifies of the plate shape of the particles with a

larger dimension of the crystallites along the (ab) plane than along the c direction.

TEM images of the powder synthesized at 90 °C just after mixing the reactants and
after 4 hours of reaction are shown on Figure 3b and Figure 3c respectively. The aggregate
visible on Figure 3b does not enable to identify any particles which is consistent with the
presence of an amorphous phase just after the mixing of the reactant. But, after 4 hours of

reaction, the aggregate consists of primary platelets of around 5 to 10 nm thick and 20 to
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30 nm large. This result fits with the anisotropic broadening observed in the XRD peak shapes
and the sizes calculated with the Scherrer formula using anisotropic broadening*® and
therefore suggests that the platelets observed on the TEM image are monocrystals.

c
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Figure 3. (a) Visualization of the average crystallite shape obtained from refinement
of the spherical harmonic expansion coefficient used to model the peak shapes of the XRD
data. TEM images of samples (b) MP (amorphous phase) and (c) BiCuOS-4h

Optical and electronic properties

In the following of the study, the powder obtained after a reaction time of 4 hours at
90 °C, showing the pure BiCuOS phase, was used. The optical properties of the material were
determined by measuring its diffuse reflectance spectra over the visible range (Figure S2).
The bandgap energy, calculated thanks to the Tauc formula (cf. Experimental section), is
1.1+0.1eV, which is consistent with previously reported values in the literature.®*? The
resistivity of the sample, measured on a pressed pellet is low: 40 Q-cm at 300 K, which is a
typical value for a highly-doped semiconductor. The activation energy calculated from the
Arrhenius plot (0.06 eV) is low compared to the bandgap of the material, which is typical of
doped semiconductors for which the mobility is controlled by defect states (extrinsic
domain).®? These values match those obtained in the literature for BiCuOS synthesized
through conventional solid-state routes.”**! We can therefore make the hypothesis that the

charge carrier concentration is not too affected by the synthesis procedure.
Thin film deposition

Obtaining nanoparticles of the material was the first step towards the fabrication of

thin film pn junctions through liquid- based deposition routes. The second step consisted in
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creating a stable colloidal suspension of BiCuOS particles in a solvent prior to the coating of
the substrate. Stable colloidal suspensions can be obtained by functionalizing the surface of
the particles with an organic ligand soluble in the chosen solvent. To avoid the creation of
high energy insulating barriers between the grains,** ! we used a catechol functionalized
poly-3-hexylthiophene (P3HT-Cat).?? This ligand was proven to adsorb onto zinc oxide
surface and to increase electronic transfer from grain to grain by introducing a low energy
vacant energetic level between the grains of semiconductor. This method replaces the
sintering step®”3® used to optimize the electrical transport, which cannot be applied for

BiCuQSs, as it decomposes under such oxidizing conditions.

Figure 4 presents pictures of the suspension just after BiCuOS powder was
mechanically dispersed in the solution of P3HT-Cat, and one hour after, showing the stability

of the suspension. This suspension could then be used for the deposition of BiCuOS thin film.

Just after stirring After 1 hour

Figure 4. Dispersion in THF of P3HT-Cat grafted BiCuOS synthesized through
precipitation and evolution of the dispersion stability with time.

In order to test the photoelectric properties of BiCuQOS, a pn junction was made. ZnO
was chosen as the n-type layer to be associated with BiCuOS as a previous study showed that
this combination leads to the best theoretical efficiency as opposed to other semiconductor
such as SiC, CdS or GaAs.>® Figure 5 presents a SEM micrograph of the ZnO/BiCuOS
junction deposited onto a FTO/glass substrate, showing a 400 nm thick and porous BiCuOS

film.



Figure 5. Cross section SEM image of the FTO-ZnO-BiCuOS layered film.

The intensity potential curve of the pn junction without any illumination is presented
on Figure 6. As a comparison, the intensity potential curves of both materials in separate thin
films was measured (Figure S3). Both thin films taken separately show the characteristic of a
resistance with ohmic contacts for BiCuOS and rectifier contacts for ZnO. In both cases, a
symmetric behavior is observed. On the contrary, when the two thin films are assembled in a
junction, the intensity potential curve in the dark (Figure 6b) shows the behavior of a diode
working in the forward direction for V > Vinresnolg and reverse direction for V < Vinreshorg. This
is typical of the presence of an energy barrier at the interface caused by the equilibration of
Fermi levels and interfacial charge transfer thermodynamically imposed by the difference in
charge carriers type and concentration between the two materials.***? Because BiCuOS and
ZnO are semiconductors (Figure S2) and previously identified as p-type for BiCuOS and n-
type for ZnO, the formation of a pn junction is believed to be responsible for this diode
characteristic. A schematic layout of the band structure at the interface is reproduced on
Figure S4, and explains the formation of the energy barrier at the interface. The saturating
current in the reverse direction is in average of 360 pA (insert on Figure 6). This value is high
compared to that of commercial diodes and literature data (in the nA order of magnitude).
This leakage current is probably due to the low density of the film. The built-in potential is
Vinreshold = 0.36 V, which is comparable to commercial silicon or germanium diode for which
the built-in potential is of 0.6 and 0.3 V respectively. The dynamic resistance, rq, of the diode,
corresponds to the inverse of the curve tangent for a given voltage. For V =0.75V,
rq = 160 Q. This value is high compared to commercial diodes (of only a few ohms), and

could be decreased by improving the density of the film (through calendaring for instance).
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Figure 6. Current vs. voltage plot of the ZnO/BiCuOS junction (a) under illumination
of a 300 W Xe lamp and (b) in the dark. Scan speed is 20 mV-s™ and sample surface is
S = 0.1 cm?. Zoom on the saturation current in the dark (insert)

When illuminated (Figure 6a), the junction does not show any photovoltaic effect,
corresponding to the creation of a photocurrent for an applied potential of 0 V, which means
that the photogenerated charges cannot be extracted. Once excited by the incident radiation,
the charge recombines with defects such as ionized centers (vacancies), dislocations, grain
boundaries, impurity phases, which then cancels out the photocurrent. Also, as reported
elsewhere, ™! the p-type charge carrier concentration in the BiCuOS layer may be too
elevated leading to a too thin space charge layer at the n-p junction. This is the region where
the photovoltaic effect should take place. Therefore, for the charges to be collected, it is
necessary to apply a potential and we observe a drastic increase of the current over the whole
voltage range under illumination. The increase in current is linked to the increase of the
conductivity of both semiconductors under illumination (photoconductivity). For V =-0.5V,
the current under illumination is -31mA.cm?® The photocurrent, lpn, is |-31-
Idark| =30.6 mA-cm™ which corresponds to an increase of a factor 85 compared to that in
dark conditions: lpn/ | Tgark | =85. This photoconductivity effect represents a substantial
increase compared to that of BiCuOS measured separately, previously reported, for which
lon/ ldark = 0.5.°4" The junction is therefore strongly photosensitive and could be used as a
photodetection device for instance. The most common inorganic phases reported as p-type
absorber layers in photodiode or photovoltaic pn junctions are Si, GaAs, CdTe, InP, CulnSe,,
ZnsP,, CIGS (CulnGa,Se), CZTS (Cu,ZnSnS,), WSe,...[****] BiCuOS stands out as an
interesting alternative, as being composed of abundant and environmentally friendly elements

as well as being extremely stable towards hydrolysis and O, oxidation at room temperature.



C. Conclusion

To conclude, we have developed a new synthesis method for stabilizing soluble
bismuth and copper (I) precursors in basic aqueous solutions. It allowed the preparation of
BiCuOS nanoparticles under soft conditions using water as a solvent and very low
temperatures (60 to 90 °C). It is easy to set up, environmentally friendly, and can be easily
applied for large scale synthesis. The obtained nanoparticles show a platelet morphology, of
around 5 nm thick and 25 nm large, which is expected considering the layered structure of the
material. A stable colloidal suspension could be obtained with the help of a catechol
functionalized poly-3-hexylthiophene (P3HT-Cat) that can act both as a colloid stabilizer and

as an electron transfer molecule in the films.

In this study, we have contributed and proposed a solution to the great problem of
depositing thin films of sulfide materials using low temperature methods, which is crucial for
the industrial development of non-oxide materials at lower costs. More efforts are necessary
to obtain a photovoltaic effect with such conducting films deposited at low temperature,
especially targeting higher layer homogeneity, as well as improving both the mechanical

strength and the film roughness.

D. Experimental

Materials

Bismuth nitrate Bi(NOs)s (99 %, Sigma Aldrich), nitric acid HNO3; 68% (AnalaR
NORMAPUR, VWR), sodium hydroxide NaOH (99 %, VWR), tartaric acid C4H;O6 (99,5 %
Sigma Aldrich), copper sulfate pentahydrate CuSO4¢5H,0 (AnalaR NORMAPUR, VWR),
ammonium hydroxide NH,OH 28% (NORMAPUR, VWR), sodium thiosulfate
Na,S,03°5H,0 (99,5%, Sigma Aldrich), sodium sulfide nonahydrate Na,S<9H,O (99 %,
Sigma Aldrich), THF (RP-NORMAPUR, VWR), Zn(CH3C0O,),*2H,0 (98%, Sigma Aldrich).

Synthesis

In a 25 mL beaker, 0.728 g of Bi(NOs)s is dissolved in 10 mL of a 1.8 M diluted nitric
acid aqueous solution. In a 250 mL round bottom flask, 2.156 g of NaOH and 1.124 g of
tartaric acid are dissolved in 30 mL of distilled water. Under magnetic agitation, the acidic
bismuth solution is slowly poured into the alcaline tartrate solution. A white precipitate,
corresponding to bismuth hydroxide Bi(OH)s, forms instantaneously and rapidly disappears

by reacting with the tartrate complexing agent.
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In a 50 mL round bottom flask, 0.478 g of CuSO4*5H,0 is dissolved in 30 mL of
distilled water. Under magnetic stirring, 1.9 mL of an ammonium hydroxide solution NH,OH
28% is added to the copper solution. The solution instantaneously turns to a dark blue color,
testifying the formation of the Cu(NHs),** complex. 3.3 g of Na,S,03°5H,0 is then swiftly
added. The solution is slowly heated to 60 °C thanks to an oil bath and maintained under
magnetic stirring at this temperature. The solution slowly lightens, and after few hours, once a
clear solution is obtained, the reaction is quenched by cooling the flask into an ice bath.

The copper solution is then added to the bismuth solution under magnetic stirring, and
immediately 20 mL of a 0.15 M Na,S aqueous solution is swiftly incorporated to have each
element (Bi, Cu and S) at a concentration of 0.03 M. A black precipitate forms
instantaneously. The mixture is maintained under magnetic stirring at a chosen temperature
and for a determined time. The suspension is then cooled down, filtered thanks to a Biichner
filtering device, and the powder is washed with 3 times 25 mL of distilled water before being
dried in an oven at 65 °C for 12 hours. A black powder, consisting of BiCuOS nanoparticles,

is then recovered.
XRD

X ray diffraction (XRD) experiments were carried out in Bragg-Brentano geometry on
a Panalytical X Pert Pro apparatus with monochromated CuK,; beam in the 8 < 26 < 140 °
scan range, step 6260 = 0.013 °, with a total counting time of 13 h.

The program FullProf!*? was used to refine lattice parameters and obtain information
about the microstructure. Microstructural information can be obtained thanks to the method
described by Rodriguez-Carjaval et al.”*®! In that matter, peak shapes were modelled using the
spherical harmonics expansions* in a tetragonal material with Laue class 4/m. This model
uses the Scherrer formula, which considers that the size broadening can be written as a linear
combination of spherical harmonics. The microstructural information given in the output files

were then treated using GFOURIER program!*” to visualize the particle shapes.
Transmission Electron Microscopy

Size and morphology of the objects were determined using a Transmission Electron
Microscope (JEOL JEM-2000 FX electron microscope operating at 200 KeV). In these
experiments, the powder was dispersed in ethanol and a drop placed on a 300-mesh carbon-

coated copper grid (Agar scientific) before drying.

UV-Visible spectroscopy
11



The optical properties of the powders were investigated by diffuse reflectance
spectroscopy with a Cary 5000 UV-Vis-NIR spectrophotometer (Agilent Technologies)
equipped with an integrating sphere. Reflection data have been treated following a combined

approach of the Tauc*® and the Kumar method.[*! Indeed, the absorbance « of the material is

Rmax—Rmin

proportional to ln( ) where R is the diffuse reflexion intensity, R4, and R,,;, the

“Hfmin

maximum and minimum reflectances. As for an indirect bandgap material, one can write

following Tauc formula ahv = A (hv—Eg).2 Therefore, if we plot the square root of

hvin (mﬂ) vs. hv, the bandgap of the material can be obtained as the extrapolation of a

straight line to the zero value of the ordinates.
Transport properties

Resistivity was measured down to liquid nitrogen by the four-point method on a
sample pelletized at 300 MPa (relative density 60%) using a laboratory made set-up using a
Keithley K2700 conductimeter. Contacts were made with a silver paint (purchased from SPI

supplies).
Fabrication of the pn junction

The pn junction was fabricated first by depositing a zinc oxide layer onto a
commercial fluorine-doped tin oxide (FTO, front electrode) coated glass wafer, then by
depositing the BiCuOS nanoparticle layer through spin coating onto the ZnO film, and finally

by depositing a gold layer (back electrode) through thermal evaporation.

The zinc oxide thin film was made through the sol-gel method™ by spin coating.
5.487 g of zinc acetate (0.5 M) are dissolved in 50 mL of absolute ethanol under magnetic
agitation in a 100 mL round bottom flask. 1.53 mL of monoethanolamine (0.5 M) are added to
the solution in order to obtain uniform sized ZnO nanoparticles. The solution is refluxed at
80 °C for 3 hours. FTO coated glass slides were washed with soap water, acetone and ethanol
successively in an ultrasonic bath for 5 min and then dried in air. The deposition is made by
spin coating the ZnO suspension on the substrate at 3000 rpm for 20 s, then 400 rpm for 10 s.
The coating is then dried at 300 °C for 10 min in air in order to evaporate monoethanolamine.
The procedure is repeated 10 times in order to obtain the desired thickness. The coating is
then sintered at 400 °C for 2 hours.

The deposition of BiCuOS thin film requires first to stabilize the colloidal suspension,

which was performed by using a catechol functionalized poly-3-hexylthiophene (P3HT-Cat).

12



The synthesis method as well as the characterization of the molecule can be found
elsewhereP using a polymerization degree of 25. This additive acts both as a colloidal

stabilizer and as an intergranular transport enhancer.

Then, a solution containing 0.1 g-L™* of P3HT-Cat dissolved in THF is prepared.
30 mg of BiCuOS powder (synthesized using the method described above, at 90 °C for
4 hours) is then added to 3 mL of this solution (10 mg-mL™). The suspension is stirred in an
ultra-sonic bath for a few minutes. A stable colloidal suspension is obtained. Deposition of
this suspension onto the ZnO layer is performed by spin-coating at 2000 rpm for 20 s during
which 100 uL of the suspension are added drop-by-drop. The coating dries instantaneously

and the process is repeated 10 times in order to obtain the desired thickness.
Scanning Electron Microscopy

Scanning electron microscopy (SEM) photographs were taken with a LEO 1530
(Zeiss) instrument, operating at 15 keV and equipped with an In-lens detector. Elemental

analysis was performed with EDS using an X Ray detector (Centaurus).
Photoelectric properties measurement

The junction was illuminated with a Xe visible lamp 300 W by placing the FTO side
of the device towards the lamp at a distance of 25 cm. The beam illuminates the whole surface
of the sample (0.1 cm?). The current passing through the junction is recorded as a function of
the voltage [-1 V; 1 V] thanks to a VMP-3 potentiostat (Bio-Logic instrument).

Supporting information

Rietveld refinement, Optical and Electronic properties.
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Oxysulfide BiCuOS nanoparticles were synthesized through a well-controlled low
temperature wet chemistry route in water. A thin film of these nanoplatelets was then obtained
via the deposition of a colloidal ink onto an FTO/ZnO substrate to form a pn junction. This
acts as a strongly photosensitive diode with Iyn/lgark = 85, corresponding to an increase of more
than 2 orders of magnitude compared to that of the material on its own.
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