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Abstract



The formation of heterojunctions between semiconductors with distinct properties usu-
ally expands their capabilities. In this context, many methodologies have been employed in
pursuing efficient and fruitful heterojunctions. However, poor attention has been paid to the
employment of photonics-based strategies, which lately demonstrated to have great potential
for the structural modification of semiconductors. In the current work, we report the laser-
mediated generation of heterojunctions between Ag,CrO4 and BiyOs, two semiconductors
with contrasting properties. The products were prepared by the laser irradiation of different
semiconductor’s mixture ratios and further analyzed by various electron- and photon-based
characterization techniques, differently from mechanical grinding, which is considered the
most straightforward way to obtain heterojunctions. The laser’s intense optical field prompted
not only the formation of tight and uniform junctions between the composing semiconductors
but also induced Ag and Bi nanoparticles’ production on their surfaces. This resulted in a
modulation of the optical band gap to the narrowest value found in the semiconductor com-
ponents and low recombination of the photoinduced charge carriers regardless of the amount
ratio of the composing semiconductors. Therefore, this work will be of great importance for

the creation of materials with a potential exploitability in the light-powered sectors.

Introduction

The continuous endeavor for smarter solutions to the problems that our society faces results in the
development of many materials with fascinating behavior. Among the virtually unlimited options
available, semiconductors stand above the rest. Their study is currently shaping our times, and the
clearest example of this is found in the electronic device used to consult this manuscript. The latest
advances in this field, however, are not limited to the production and manipulation of the com-
mercially available materials, but rather seek to expand their capabilities through their structural
modification or interplay with dissimilar materials. Such a research path is finding in the study of
heterojunctions between semiconductor/semiconductor and semiconductor/metal an escape valve

that is currently leading to unprecedented results in many fields.'~



In particular, the sectors related to the harvesting of the sunlight, the most widespread source of
energy on the planet, are greatly benefited. Since the solar spectral irradiance finds its maximum
at the visible electromagnetic spectrum range (400-800 nm),* the formation of heterojunctions
between semiconductors is a widely used strategy to enhance the visible-light response of materials
that have not the capacity of absorbing photons within such wavelength range. This leads to an
enhanced separation of electron-hole pairs, suppressing their recombination, and finally enhancing
their stability.>® From a practical perspective, it means that heterojunctions between a material
that absorbs a short fraction of the solar irradiance spectrum, and one that absorbs a wide fraction
could overall improve the transformation of solar energy into charge carriers, which can be then
exploited in further applications.

The strategies to manufacture such heterojunctions can encompass the employment of various
sources of energy. However, a form of energy that has been poorly exploited for this is the ul-
trashort laser radiation. The use of such a tool can enable phenomena like ablation by plasma,
which, when performed in these materials, allow their sintering and segregation of NPs;”# two
effects that could lead to the formation of heterojunctions when irradiating a mixture of dissimilar
materials. In brief, the delivery of a large population of photons in windows of time (10~!°s) that
are shorter than the typical electronic relaxation time (10~'?s), promote the multiphoton ionization
of irradiated solid materials, which ends up forming a plasma of electrons above the irradiated
zone. When the energy of the plasma overcomes the materials’ binding one, a Coulomb explosion
occurs, where their composing elements are released to the surroundings forming nanoparticles
(NPs).”!19 However, suppose this energy is extensively overpassed. In that case, a localized and ex-
cessive increment of temperature and pressure occurs. The adiabatic transfer of this energy results
in the sintering and further detachment of material. !

Given the versatility, efficiency in NPs formation, and degree of structural modifications. In
the current research work, the femtosecond laser irradiation was chosen as a tool to generate the
heterojunction between Ag,CrO, and Bi,0j3; two low production cost photo-active semiconduc-

tors that, as recently discovered by our research team can be precursors for the formation of metal



NPs. 271 Unlike traditional strategies, this tool’s use may permit not only the formation of het-
erojunctions, but also an additional injection of charge carriers to the material by laser-segregated
metal NPs,?° which will contribute to the expansion of the materials’ capabilities.

Overall, this study serves to determine the impact that femtosecond pulsed laser radiation can
have on the formation of heterojunctions, which promises to be of fundamental importance for
the field since the structural changes that arise with its use can lead to more robust and complex

heterojunctions.

Experimental Section

Materials

Potassium chromate (K,;CrOy4, 99.0%, Sigma-Aldrich), silver nitrate (AgNO3, 99.0%, Sigma-

Aldrich), and bismuth(III) oxide (Bi,03, 99.9%, Sigma-Aldrich) were used as precursors.

Synthesis of Ag,CrQ,

The Ag,CrO4 nanopowder was prepared through a modification of the precipitation procedure
described by D. Xu and co-workers.?! In brief, ImM of Potassium chromate (K,CrOy4, 99.0%,
Sigma-Aldrich) was dissolved in 50 mL of distilled water (18.2 MQ - cm), the solution was contin-
uously stirred at a temperature of 60 °C. Parallelly, 2mM of silver nitrate (AgNOs3, 99.0%, Sigma-
Aldrich) was dissolved in 50 mL of distilled water while continuously stirred at 60 °C. Once the
reagents were properly dissolved, the AgNO; solution was rapidly added to the K,CrO4 one. After
the complete addition of the AgNOj; solution, the mixture became wine color and a precipitate
was formed. The final mixture kept continuously stirred at 60 °C for another hour, afterward, the
precipitate was washed several times with water and ethanol, the centrifuging was performed at

7000 rpm for 15 min each round and the final solid was dried in an oven at 60 °C for 24 hours.



Mixing of Ag,CrQ, and Bi,O;

Five different mixtures were selected to investigate the influence of each semiconductor in the
properties of the final heterostructure. Pure Ag,CrO, and Bi1,03, labelled as A and B, respectively,
and xA-yB (x =75, 50, 25; y = 25, 50, 75 wt%). To prepare the mixtures, the corresponding wt%
of the Ag,CrO4 powder previously produced by precipitation and wt% of the commercial Bi,O3
powder were mechanically ground in an agate mortar for 15 min. Besides, the pristine Ag,CrOy

and Bi,O; powders were also ground to simplify the structural and morphological comparisons.

Irradiation of Ag,CrQ, and Bi,O; mixtures by femtosecond pulsed laser

The different semiconductor mixtures were irradiated by a Ti:sapphire laser (Femtopower Com-
pact Pro, Femto Lasers) that delivers pulses at a repetition rate of 1 kHz with a width of 30 fs
full width at half-maximum (FWHM), a central wavelength of 800 nm, and it has incorporated a
programmable acousto-optic filter (Dazzler, Faslite) to ensure a precise pulse compression. The
irradiation conditions were selected following previous studies, where the laser irradiation allowed
the segregation of metal NPs out of the corresponding semiconductor matrix, which extends the
possible applications for the material. '*!® In brief, a laser beam with a mean power of 200 mW and
a diameter of 6 mm at a width of 1/e? was focused by a plano-convex lens with a focal length of
75 mm over the surface of the samples as it is depicted in Fig 1. The samples were first poured in
the powder form over a quartz slide (~ 1.5 g), subsequently, after being pressed by another quartz
slide to enable a flat surface, the corresponding sample was mounted in a motion-controlled 2D
stage moving at a velocity of 0.45 mm/s in a raster pattern perpendicular to the focal plane. The
irradiation conditions were fixed for all the samples, in order to compare the differences prompted
by the use of the various semiconductor mixture ratios.

Every sample underwent the following irradiation cycle: after completing the irradiation in the
raster pattern (one run), the samples were mixed using a spoon and then pressed again by the two
quartz slides in order to be irradiated one more time (second run). Each irradiation cycle consisted

of 20 runs in order to irradiate as much material as possible. After the irradiation cycles, the
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Figure 1: Scheme of the general setup and products from the laser-produced plasma: a) dispos-
ing of powder in quartz slide, b) pressing the powder with two quartz slides, c) laser irradiation
while moving the sample in a raster-like pattern, and d) graphical representation of the interactions
between accelerated electrons and the irradiated zone, Coulomb explosion when the plasma over-
passes the material’s binding energy, its products, and evaporation of material when the binding
energy is severely exceeded, and the related species that arise from such interaction.

samples were collected for their further characterization.

Characterization

The samples, before and after laser irradiation, were inspected by various electron- and photon-
based characterization techniques to evaluate the benefits behind the use of laser irradiation while
synthesizing heterostructures from photosensitive semiconductors. The morphology of the samples
was determined using a field emission gun scanning electron microscope (FEG-SEM; Supra 35-

VP, Carl Zeiss) operated at 15kV. The crystalline structure of the samples was obtained by X-ray



diffraction in powder (XRD) using a diffractometer (XRD 6000, Shimadzu) operated at 30 kV. The
instrument used CuKa radiation (1.5406 fi), and the samples were scanned in a normal routine
for 20 ranging from 10-70° at a scanning velocity of 2°/min. The Rietveld refinement of the XRD
patterns was performed using the software named “material analysis using diffraction” (MAUD).?
The crystal structure of individual particles was obtained by high-resolution transmission electron
microscopy (HR-TEM), using a transmission microscope (JEM-2100 LaB6, Jeol) operated at 200
kV. The samples’ elemental distribution was assessed by a FEG-SEM (XL-30, Philips) working at
5 kV and equipped with an energy-dispersive X-ray spectroscopy (EDS) system from the Bruker
brand that allows the performance of chemical microanalysis with a rapid mapping of chemical
composition (EDS-Mapping).

The chemical structure and phase were determined by Raman spectroscopy using a Fourier
transform Raman spectroscope (FT-Raman; RFS/100/S, Bruker), which uses as a light source a
Nd:YAG nanosecond pulsed laser with a central wavelength of 1064 nm, and it is operated at a

mean power of 60 mW. The FT-Raman spectra were taken in a wavenumber region from 1000-50

1 1

cm™', with a precision of 4 cm™'.
The reflectance of the samples was measured by diffuse reflectance spectroscopy in the ultraviolet-
visible (UV-Vis DRS) by means of a spectrophotometer (Cary 5G, Varian) working in diffusive
reflectance mode, while a magnesium oxide sample holder was used as reference material. The
spectra were taken in a wavelength region from 300-800 nm with a precision of 1 nm. The UV-Vis
DRS spectra were later used to estimate the optical band gap energy (E,) of the semiconductors by
means of the Kubelka-Munk theory.? Finally, the photoluminescence (PL) spectra were obtained
using a 0.5M spectrometer (S00M, SPEX) coupled to a photomultiplier tube (PMT) detector and

325nm He-Cd laser excitation line with laser power of 16 mW. The PL spectra were measured in

a wavelength range from 350-950 nm..



Results and discussion

Even when the simple mixing and grinding of semiconductors is considered as the most strait-
forward method to produce semiconductor heterojunctions, their further femtosecond pulsed laser
irradiation raises a great interest because it enables the segregation of elements that compose pho-
tosensitive semiconductors. Therefore, it is expected that the laser irradiation of the investigated
mixtures may enable the composition of complex structures that could present different properties

than those belonging to the precursor structures.

Morphology

Fig. 2 displays significant morphological differences between the mixtures before and after being
subject to laser irradiation. The largest difference between the mixtures prior to irradiation relies on
the aspect of B, which after mixing with A, experiences a size reduction and shape transformation
from the merged sheets into a lumpy-like structure. Moreover, when the amount of A is minimal,
1.e., 25A-75B, B seems to cover the surface of A.

After the laser irradiation, it is possible to appreciate 3 different morphological alterations: (i)
all the samples experience a size reduction, which correlates with the fact that the samples are
being subject to an ablation phenomenon in which the material is removed out of the irradiated
target to form a new structure, (i1) the edges of the non irradiated junctions get softened and in
some cases the junction’s components merge. As described in seminal works,'*!® this is con-
nected to the fact that in the ablation process, when the plasma energy greatly exceeds the binding
energy of the constituent atomic clusters in the irradiated material, the temperature and pressure
values can get to 1000 K and 10'2 Pa,?* respectively. Its interaction with the material’s surface,
therefore, leads to its sintering, (iii) there is segregation of NPs (Fig. 2 ¢)) as previously reported

18,25

by our research team, in which the femtosecond laser irradiation of Ag- and Bi-containing

photosensitive semiconductors leads to the metal segregation and further NPs formation.



Figure 2: SEM micrographs of the different samples, a) before and b) after being subject to the
femtosecond laser irradiation, and c¢) zoom of the irradiated samples.

Crystalline structure

Fig. 3, which displays the comparison between the XRD patterns of the samples before and after
the laser irradiation, allows observing significant changes. In the case of A, its pattern can be
associated with the orthorhombic crystal phase of Ag,CrO,4 with the symmetry space group Pnma
(COD-database: 1509782). After the laser irradiation, its XRD pattern matches with the Ag,CrO,
phase to the extent of 99.62%, and with the cubic Ag phase with symmetry space group Fm-3m
(COD-database: 9012961) to the extent of 0.37%. Moreover, according to the Rietveld method,
the Ag,CrOy lattice parameters b and ¢ have been slightly expanded, and the Rietveld-refined
fractional coordinates display a minimal modification (the information extracted from the Rietveld
method is displayed in Tables S.1-5 in the Supporting Information).

In the case of B, its diffraction pattern can be associated with the monoclinic crystal phase of
a-Bi,03 with the symmetry space group P21/c (COD-database: 9012546) to the extent of 96.75%,
with the orthorhombic crystal phase of Bi,0,CO5; with the symmetry space group Pna21 (COD-

database: 1530018) to the extent of 2.19% and with the cubic crystal phase of §-Bi,O3; with the



symmetry space group Pn-3m (COD-database: 1010311) to the extent of 1.04%. The impurities
found in Bi,03 respond to the fact that the pristine semiconductor was mechanically ground before
the characterization. As previously reported by Streletskii A. and co-workers,?¢ grinding in air can
induce the formation of Bi,0,COj3 due to the sorption of CO, from the air. The minimal presence
of 6-Bi,0; may come from the synthesis of Bi,Oj; itself. After the laser irradiation, the most
significant change is an increment in the Bi,0,COj3 phase from 2.19% to 8.41% and a modification
in its lattice parameters, which might be connected to the fact that the laser irradiation took place
in the air, and as in the case of grinding, it is plausible that the semiconductor experiences sorption
of CO, from the air, especially considering that in a laser ablation process, elements from the
environment can interact with the plasma generated by the laser-matter interaction, allowing their
incorporation in the ablated material. >3

In the diffraction patterns that correspond to the mixtures 75A-25B, 50A-50B, and 25A-75B,
it is possible to identify the previously described crystal phases of Ag,CrOj, a-Bi,03, Bi,0,CO3,
and 0-Bi1,03, where their extent is closely related to the weight ratio between A and B, except for
Bi,0,COs; (see Tables S.1-5 in the Supporting Information). In the particular case of the crystal
phase Bi,0,COs3, it seems to increment with the addition of Ag,CrO,4, which might be a result of
the size reduction of B as displayed in Fig. 2. If the size gets reduced, there is more surface that
can undergo the sorption of CO,.

Aside of the relation between the crystal phases and the weight ratio of the semiconductor
mixtures, it is also possible to notice that regardless the A to B weight ratio, there is no any
substantial change in the lattice parameters of the Ag,CrO,4 and a-Bi,0O;5 crystal phases since the
only changes fall within the standard deviation 1073 A. On the contrary, the lattice parameters
of the 0-Bi,03 and Bi,0,CO; crystal phases display various changes. On the one hand, the cell
length a of the cubic §-Bi,O; slightly decreases as the amount of Ag,CrO, increases, which, as
suggested by Dilpuneet S. and co-workers?’ is related of the incorporation of oxygen atoms in
the crystal structure, possibly from Ag,CrO, or from sorbed CO,. However, it is necessary to

highlight that neither Bi nor O atoms display any change in the fractional coordinates that would
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ratify the contraction of the crystal. Therefore, it is only possible to report that the amount of
0-Bi,03 phase gets modified with the incorporation of Ag,CrO4. On the other hand, the lattice
parameters of Bi,O,CO;3; do not change following any clear tendency. Nevertheless, when the
amount of B1,0,COs3 in 25A-75B grows up to 9.13 wt%, the a and b lattice parameters get slightly
expanded while the ¢ parameter gets reduced, which is common when the crystal presents oxygen
vacancies. >

After the laser irradiation, the presence of Ag,CrO, and 6-Bi,O; crystal phases got incre-
mented, while the amount of @-Bi,O; got decremented in all the cases. In parallel, the Bi,O,COj;
crystal phase got incremented except for the mixture SOA-50B, where it does not only got decre-
mented, but the Ag,CrO, phase grown the most. Besides, the samples with the largest amount of
Ag,CrOy, i.e., 75A-25B (F) and 50A-50B (F), also display the presence of the cubic Ag phase.
The changes can be connected to the size reduction of the semiconductors and the segregation of
metallic NPs. On the one hand, as previously noticed, the size reduction of B seems to favor the
presence of the 6-Bi,O; and Bi1,0,CO3 phases and reduces the one of @-Bi,O3. On the other hand,
as described above, the femtosecond laser irradiation leads to the formation of Ag NPs, however,
it is not possible to infer from the XRD patterns the existence of the Bi NPs since the most intense
peaks of the metallic Bi phase match with those belonging to the @-Bi,0; one. Moreover, since the
laser irradiation does not lead to any mechanism that could allow the formation of more Ag,CrQOy,
the increment in this crystal phase could be related to the fact that the a-Bi,O; one, which has
more intense peaks gets reduced, allowing a better fitting of the Ag,CrO,4 phase.

Finally, the lattice parameters of most of the crystal phases did not experience any significant
change after the laser irradiation, except for Bi,0O,COj3 that change when in 25A-75B the crystal
phase grows up to 17.69 wt%. As described above, the modifications can be related to the fact that
the ablation process may induce oxygen vacancies, which are in general ratified by the modifica-
tions of the fractional coordinates, where those corresponding to the Bi atoms switch to smaller
values, those belonging to the C atoms switch to larger values, and those belonging to the O atoms

change without a clear tendency.
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Figure 3: XRD spectra for different samples, a) before and b) after being subject to femtosecond
laser irradiation. The symbol ¢ represents the Ag,CrO,4 phase, * the a-Bi,03 phase, o the 6-Bi,0;
phase, & the Bi,0,COj3; phase, and # Ag phase.

The HR-TEM micrographs (Fig. 4) taken at the border sides of the irradiated heterostructures
confirm the creation of NPs and the coexistence of the above described crystalline phases. Particu-
larly, in the irradiated sample 75A-25B it is possible to identify in the zone @, which has many NPs,
the interplanar distances (2.384 + 0.098) A, (2.044 + 0.021) A, (3.127 + 0.022) A and (2.298 +
0.019) A that can be associated to the Miller indices (111), (200) of Ag (COD-database: 9012961),
and (012), (110) of Bi (COD-database: 2310889) phases, respectively. In the zone ), where no
NPs are found, it is possible to identify the interplanar distances (6.700 + 0.033) A, (2918 +
0.016) A, (2.847 + 0.098) A, and (2.531 + 0.082) A, which correspond to the indices (040), (161)
of B1,0,CO; (COD-database: 1530018), and (121), (221) of Ag,CrO, (COD-database: 1509782)
phases, respectively.

For the irradiated SOA-50B, the zone © that is filled with NPs allows to observe the interplanar
distances (2.216 + 0.080) A, (1.195 + 0.060) A, (1.246 + 0.030) A, and (2.022 + 0.013) A that
correspond to the Miller indices (110), (208) of Bi (COD-database: 2310889), and (311), (200)

of Ag (COD-database: 9012961) phases, respectively. The zone ©, which represents the places

12



where there are NPs over the heterostructure’s surface, it is possible to identify the interplanar
distances (1.363 = 0.017) A, (1.556 = 0.010) A, and (3.737 + 0.012) A that can be associated
to the indices (314), and (-312) of @-Bi,O; (COD-database: 9012546), and (121) of Bi,O,CO;
(COD-database: 1530018) phases, respectively.

In the case of the irradiated 25A-75B, the zone ®, where the disposition is the same as the
previous one, exhibits the interplanar distances (1.007 = 0.008) A, (1.305 + 0.008) A, (1.304 +
0.013) A, and (1.359 + 0.060) A, which can be ascribed to the indices (015) of Ag,CrO4 (COD-
database: 1509782), and (-233), (-233) and (015) of a-Bi,03 (COD-database: 9012546) phases,
respectively. The zone ®), which represents a zone where the NPs and the heterostructure are
clearly separated, enables the measurement of the interplanar distances (2.214 + 0.016) A, (2.977
+0.020) A, (2.846 + 0.033) A, and (2.080 + 0.019) A that can be associated to the indices (152),
(161) of Bi,0,C0O; (COD-database: 1530018) and (120), (211) of Bi (COD-database: 2310889)
phases, respectively.

Finally, complementary EDX Mapping images displayed in Fig. S1-3 in the Supporting Infor-
mation exhibit that regardless of each semiconductor’s ratio, the laser radiation leads to a homo-
geneous elemental distribution. Moreover, the corresponding EDS spectra also show the atomic
percentage of the samples even-up after laser irradiation. This indicates that the laser treatment

enables the production of tight heterojunctions.

Raman Spectroscopy

Fig.5 displays the comparison between the samples before and after the laser irradiation. Where in
general, it is possible to identify substantial changes after the mixing of the samples and irradiation.

In the case of sample A, which as ratified by XRD is composed purely by Ag,CrO,4 with the
symmetry space group, Pnma has 36 Raman-active modes: 11A, + 7B, + 11B,, + 7B3,, where
18 are internal modes, and the other 18 are external rotational and translational modes of the CrO,
group. The Raman peaks located in the 750-900 cm™! region correspond to the stretching modes,

the peaks located in the 350450 cm™! region to the bending modes, and those located below 150
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Figure 4: TEM and HR-TEM micrographs of a) 25A-75B, b) 5S0A-50B, and c) 75A-25B after
being subject to the laser irradiation. The distances indicated in the HR-TEM images are in (A)
units.

! correspond to the rotational and translational modes.?' As it is displayed in Fig.5 a), the

cm™
pristine A clearly shows the peaks related to the bending and stretching modes, but those related
to the rotational and translational modes are harder to observe, which is something common while
measuring Ag,CrO, at ambient conditions. The irradiated sample (A (F)) shows broadened peaks
belonging to the bending and stretching modes, a more intense peak belonging to the rotational and
translational modes, and a new peak in the 530-615 cm™! region (indicated by an asterisk symbol
in the graph). The changes related to the peak broadening and the increment in the intensity of
the peak below 150 cm™ can be attributed to a combination of the semiconductor size reduction,
as observed in Fig. 2, and an increment in the short- and long-range disorder.?> As discussed
above, the laser ablation of Ag,CrO4 not only leads to the material’s size reduction, but also to
the segregation of heavy elements to form metal NPs. This process may induce short- and long-
range disorder in the crystal. An alternative explanation for the disorder increment relies on the
interaction with the ablation plasma. As previously reported, when Ag,CrQOy is subject to high

pressure, it undergoes a phase transition, which is reversible when reducing the pressure values.>!
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As the plasma has a lifetime in the temporal region of ~107° s, it is possible to infer that the
material that was exposed to the plasma (see Fig. 1 for reference) could undergo a rapid phase
transition followed by the reverse phase transition after the plasma extinguished, leading in this
way to the increment of disorder in the crystal.

Besides, the new peak found in the 530-615 cm™' region can be identified as a Raman-active
stretching mode A, of the Cr-O bond commonly found in the chromium oxide Cr,O; group.*
This is not a mode found in the Ag,CrO, semiconductor because it is composed only by AgQOg,
Ag0Oy, and CrO,4 atomic clusters, but the laser modification used in the current work can enable
the recombination of the constituent elements of the semiconductor due to the interaction with the
plasma plume, leading to the formation of Cr,Os.

In the case of sample B, even when the specimen is composed by a mixture of a-Bi,O; with
the symmetry space group P21/c, 6-Bi,O; Pn-3m, and Bi,0,CO; Pna2l, it is possible to clearly
identify only 11 out of the 30 Raman-active modes of @-Bi,O3, 15A, + 15B,, which is typical
when the Raman spectrum of a-Bi,0; plus additional bismuth oxides derivatives is taken at room
temperature.>*% The identified modes located below 120 cm™! belong to the vibration of Bi atoms
(Bi-Bi), the ones found in the 120-150 cm™! region belong to the vibrations of the Bi and O atoms
(Bi-0), and those above 150 cm™! belong to the vibrations of the O atoms (0-0).% The irradiated
sample (B (F)) shows the same peaks but broadened, giving the impression that the near peaks
combine. As the semiconductor undergoes laser irradiation with the same parameters used to
irradiate A, it is expected to get a similar Raman spectrum modification due to the same reasons.
Moreover, the size reduction displayed in the SEM micrographs supports this assumption.

For the different semiconductor mixtures, the Raman spectra displayed in Fig.5 ¢) seem to be a
combination of the separate Ag,CrO,4 and Bi,03 phases, except for 75A-25B and 25A-75B, which

display a new Raman-mode centered at the wavenumbers 580 and 522 cm™

, respectively (indi-
cated by a capital delta symbol and a capital phi symbol, respectively). Both modes are neither
typical for Ag,CrO, nor for Bi, O3, but they are typical for the Cr-O bond from Cr,03,* and O-O

bond from @-Bi, 05 after increasing its oxygen defects by annealing in air.?” As the mechanical
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grind treatment was used to get a uniform mixture between the semiconductors, it is possible to
infer that during the treatment, the semiconductors underwent a partial destruction of their crystal
structure due to the accumulation of defects, as suggested in 1996 by Fukunaga et al. for the case
of trigonal Se.?® Therefore, the occurrence of both Raman-modes can be related to the crystalline
modification of the corresponding mixtures. In the case of 75A-25B, the amount of Ag,CrO; is
larger and therefore it is expected to get a larger amount of by-products coming from the semi-
conductor, which can decompose into Ag, O, and Cr,05.*° For 25A-75B, the oxygen defects get
incremented in Bi,Os, which is evident by the appearance of the mode located at 522 cm™!, which
outshines the contribution of the modes belonging to the Ag,CrO, by-products because they are in
a lower amount.

After the laser treatment, all the mixtures display similar Raman spectra with 5 peaks located
in the regions 80-210, 300-400, 470-600, and two peaks at 700-900 cm™' (indicated by arrows in
Fig.5 c¢) ), which seem to be a combination of the broad Raman peaks displayed by A (F) and B
(F), except for the case of the modes belonging to (O-O) from a-Bi,03, which seem to disappear

' which as discussed

after the laser treatment, and an increment in the peak centered at 522 cm~
above can be related to an increase of oxygen vacancy defects in a@-Bi,O3. Besides, there is not
a large difference between the spectra of the irradiated samples, a closer inspection only reveals a
tendency of increasing intensity for the peak centered at 522 cm™! as the amount of B increases in
the mixture, and a merge of the two peaks that correspond to the stretching modes of Ag,CrO, as
the amount of A is reduced.

The Raman spectra, therefore, ratifies that the laser irradiation provides oxygen vacancies to all
the heterostructures, where the largest amount of them can be found in mixtures containing a larger
amount of B. Besides, the irradiation process caused structural changes as a disorder increment in

the constituent crystals, which can be interpreted as a more intimate junction of A and B while

using the laser radiation.
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Figure 5: FT-Raman spectra of the samples before and after (F) being subject to the laser irradia-
tion, a) A, b) B, and c) mixtures.

UV-Vis DRS

The diffusive spectra of the different samples (Fig. 6 a)) show information that substantially agrees
with the XRD, HR-TEM, and Raman spectroscopy results. On the one hand, the pristine sample
A has a reflectance spectrum that matches those previously reported elsewhere,?! and the pristine
sample B displays a reflectance spectrum that corresponds to a combination of the crystalline
phases @-Bi,O3; and Bi,0,C0O;.4**! On the other hand, the mixtures seem to be a combination
of the spectra that belong to the pristine A and B; they show double reflectance edges that do
not entirely match with those of pristine A and B, there is a shift to shorter wavelengths for the
edges that resemble the one of A, and a shift to longer wavelengths for those that resemble the
one of B. The corresponding shifts can be attributed to the electron-hole transition between the
composing semiconductors. Besides, since these semiconductors are characterized by absorption
spectra governed mainly by indirect allowed electronic transitions, the optical band gap (E,) was

extracted from the Kubelka-Munk equation ahv = C(hv — E,)*, where a represents the absorption
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coeflicient, hv the photon energy, and C a proportionality constant. *?

The calculations show that the E, of the pristine A has a similar value as the one conventionally
obtained for Ag,CrO, when it is synthesized by the co-precipitation method,*? the pristine B shows
an E, value that corresponds to a combination of the one for @-Bi,03 and Bi,0,CO3, 2.80 and 3.42

eV, respectively, +34

and in the case of the mixtures, no E, entirely match those values belonging
to the pristine A or B, which indicates that the grinding process effectively allows the formation of
heterojunctions between the composing semiconductors.

After the laser irradiation, the diffusive spectra of all the samples display significant changes
(Fig. 6 b)). In the case of B, the reflectance gets incremented for longer wavelengths, which
responds to the increment of the Bi,O,CO; phase, there are no significant changes in the case of
A, and in all the mixtures the edge that corresponds to the B sample gets highly reduced in intensity
being finally hidden by the reflectance behavior that resembles the one of the A sample. Moreover,
the edge that corresponds to A fairly concurs at the same wavelength for all the mixtures. The E,
values also show essential changes; after the laser irradiation, the optical band gap of B gets wider,
which coincides with the increment in the Bi,O,CO; phase observed in its XRD pattern. The E,
value of A gets incremented from 1.84 to 1.94 eV, which, as reported elsewhere, corresponds to
the semiconductor’s size decrement.?! Finally, the clearly observable double E, values exhibited
by the non-laser-treated mixtures change to a combination of an accentuated E, value that is close
to the one of A after being subject to the laser irradiation, and a difficult to observe straight segment
in the Kubelka-Munk plot that should correspond to the reflectance edge contribution of B. The
vanishing of the E, value that resembles the one of the B sample can occur due to the disorder
increment in the B’s crystal network. As interpreted from the Raman spectra, the laser radiation
provides defects to the heterostructure’s constituent crystals. However, the lower definition of the
modes that correspond to a-Bi,O3 suggests that this is the crystal that gets more affected by the
inclusion of the defects, and consequently its contribution to the reflectance spectra gets diminished
leading to the hiding of the E, value that corresponds to B by the one of A. This results indicate

that the addition of Ag,CrO, to a crystal with wide band gap like a-Bi,0; expands the optical
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response of the heterostructure to a wider spectral range of the solar radiation.
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Figure 6: UV-Vis DRS spectra (left-side) and calculated band gap (right-side) of a) the samples
before and b) after being subject to the laser irradiation.

Photoluminescence

The PL spectra displayed in Fig. 7 provide a more accurate picture of the defects increment impli-
cations after the laser irradiation. In the case of A, it is possible to observe two peaks, one centered
at 461 nm and another at 760 nm. In general, both peaks come from multiphonon and multilevel
processes within the material’s bandgap. The more energetic peak corresponds to the recombina-
tion of electron holes due to the disorder degree in the composing clusters of Ag,CrO,, and the
one centered at the longer wavelengths to its oxygen vacancies*? (the scheme for the photolumi-
nescence mechanism is displayed in Fig. S4 a) in the Supporting Information). As it is observed
in Fig. 7 a), the laser irradiation reduces the relative intensities of bands around 760 nm and 461
nm, which were associated with oxygen vacancies and disorder, respectively. Therefore, the laser

irradiation reduces the density of oxygen vacancies in the semiconductor and favors the increase
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of the crystal clusters’ disorder, which is in agreement with the observed changes of XRD, which
were associated with the formation of Ag NPs. In the case of B, the PL spectra of the samples
before and after laser irradiation are formed by a broadband emission in the wavelength region
400-850 nm, which is usually associated to the Bi ions in a-Bi,03; the emission at longer wave-
lengths corresponds to the electronic transition *P3;, — “P;/, of Bi**, and the emission at shorter
wavelengths to the *P; — 'S, transition of Bi**. The intensity of the emission is usually attributed
to defects or impurities in the crystal, emission shoulders at short wavelengths to quantum size
effects, and shoulders at long wavelengths to the presence of oxygen vacancies® (see Fig. S4 b)
in the Supporting Information). In the case of non-irradiated B, the most intense peak is centered
at 612 nm and has two shoulders, one at 514 nm and the other at 762 nm, which confirms the
presence of defects in the @-Bi,O; crystal. Similarly, the emission spectrum after the laser irradi-
ation shows an intense peak centered at 616 nm and two shoulders, one at 468 nm and the other
at 790 nm. At first sight, the higher intensity of the non-irradiated B may suggest that in contrast
to the previous results, it has a larger amount of defects than the irradiated sample. However, the
decrease in intensity could be due to wavelength shift of the shoulders, which in turn implies the
presence of @-Bi,O; and Bi NPs with sizes < 10 nm that would be susceptible to quantum size
effects, ¢ and a larger amount of oxygen vacancies.

In the case of the mixtures, the PL. emission spectra seem to be the combination of those
belonging to A and B. The non-irradiated samples show a decreasing emission in the wavelength
region 550-700 nm (Fig. 7 ¢) grey frame), and a shift of the peak enclosed in the region 350-550
nm (Fig. 7 c) green frame) to longer wavelengths as the amount of B (i.e. Bi,O3) decreases, which
can be due to the reduction of the emission coming from the electronic transitions of the Bi ions.
Besides, the overall emission intensity does not show any specific tendency regarding the ratio of
the composing crystals, but the one for 50A-50B is the lowest one. Since a small intensity in the
PL spectra is related to the suppression in the recombination of photoinduced charge carriers,*’ the
PL results indicate that the production of the heterostructure S0A-50B can be of particular interest

for its potential use in applications requiring an efficient transformation of sunlight into charge
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carriers.
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Figure 7: PL spectra of the samples before and after (F) irradiation a) A, b) B, and c¢) mixtures.

After the laser irradiation, the PL spectra of all the samples get the same shape. However,
they show the same intensity variations observed in the non-irradiated samples, the highest for
the sample with the largest amount of A, and the lowest for the sample SOA-50B. As interpreted
from the Raman spectroscopy and UV-Vis DRS results, the laser-induced disorder increment in
the @-B1,03 crystal may enable a more significant contribution of PL emission. Moreover, the
laser irradiation also changes the relative intensity of the stronger PL bands. In particular, the laser
irradiation decreases the relative intensity of the bands around 800nm and 450nm, which confirms
an increasing contribution of emission due to the a-Bi,0; crystal. Consequently, in contrast with
the non-irradiated samples, after the laser irradiation, it is possible to observe an equal contribution
to the corresponding PL emission in the wavelength region 550-700 nm that corresponds to a-
Bi,03. Besides, it is also essential to notice that in comparison with the non-irradiated samples,
the irradiated once display an overall lower PL emission intensity.

Therefore, the use of laser irradiation improves the heterojunctions interactions benefiting the
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suppression in the recombination of photogenerated carriers, a behaviour that is expected to en-
hance the applicability of the corresponding materials towards applications activated by photonic

sources.

Conclusions

The current study serves to shed light on the impact behind the use of femtosecond laser radiation
to generate heterojunctions. In particular, the composing elements of the produced heterostructures
were Ag,CrO, and a-Bi,03, two photosensitive semiconductors that are known to be precursors
for the laser-mediated segregation of NPs.

As expected, the laser irradiation of the pristine semiconductors leads to the segregation of the
NPs, but also increment in crystalline disorder for Ag,CrOy, an increment of oxygen vacancies for
a-Bi,03, an increment of crystal impurities, size reduction, and suppression in the recombination
of photoinduced charge carriers. In the case of the different semiconductor mixtures, the simple
mechanical grinding enables a basic junction between the semiconductors that, among the most
relevant features, permits the coexistence of two different band gaps. This fact ultimately means
there are two kinds of charge carriers with different energies, which separation and spread through
the heterostructure could be exploited in, for instance, multiple catalytic processes. The laser
radiation treatment in the counterpart enables a more intimate junction where a single narrow band
gap value reminds, and the recombination of the photoinduced charge carriers gets reduced at any
ratio of composing elements. Besides, since the 50 to 50 wt% semiconductor’s mixture displays the
lowest amount of impurities and the most reduced PL emission before and after the laser treatment,
this material could be of particular interest in applications where the transformation of the sunlight
radiation into charge carriers is required, such as photocatalysis or photovoltaic cell manufacturing.

In summary, heterojunctions between Ag,CrO, and Bi,O; with reduced recombination of
charge carriers have been successfully obtained by their in-situ femtosecond laser irradiation. As

revealed in the current manuscript, this is a promising treatment towards developing tight het-
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erojunctions with improved optical capabilities, which may find a niche of exploitation in light-
powered environmental remediation and energy-related applications. Moreover, using a laser as
a working tool, which is spatially confined, permits envisaging future strategies to form highly

localized heterojunctions, permitting their tailored design.
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Laser-mediated formation of heterojunction
between Ag,CrO, and Bi,Os. Its employment
enables robust junctions and a reduction in the
recombination of photoinduced charge carriers.
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