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Light-Induced Ferroelectric Modulation of p-n
Homojunctions in Monolayer MoS2

Mariola O Ramirez,* Jaime Fernandez-Tejedor, Daniel Gallego,
Javier Fernández-Martinez, Pablo Molina, David Hernández-Pinilla, Julio Gómez-Herrero,
Pablo Ares, and Luisa E. Bausá

The association of 2D materials and ferroelectrics offers a promising
approach to tune the optoelectronic properties of atomically thin Transition
Metal Dichalcogenides (TMDs). In this work, the combined effect of
ferroelectricity and light on the optoelectronic properties of monolayer
(1L)-MoS2 deposited on periodically poled lithium niobate crystals is explored.
Using scanning micro-photoluminescence, the effect of excitation intensity,
scanning direction, and domain walls on the 1L-MoS2 photoluminescence
properties is analyzed, offering insights into charge modulation of MoS2. The
findings unveil a photoinduced charging process dependent on the
ferroelectric domain orientation, in which light induces charge generation and
transfer at the monolayer-substrate interface. This highlights the substantial
role of light excitation in ferroelectrically-driven electrostatic doping in MoS2.
Additionally, the work provides insights into the effect of the strong,
nanometrically confined electric fields on LiNbO3 domain wall surfaces,
demonstrating precise control over charge carriers in MoS2, and enabling the
creation of deterministic p-n homojunctions with exceptional precision. The
results suggest prospects for novel optoelectronic and photonic application
involving monolayer TMDs by combining light-matter interaction processes
and the surface selectivity provided by ferroelectric domain structures.
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1. Introduction

In the last years, Transition Metal Dichalco-
genides (TMDs) -based p-n junctions have
been extensively studied and a variety of
prototypes such as light-emitting diodes,
photodetectors, or photovoltaic devices have
been developed.[1–5] TMDs-based p-n junc-
tions are usually produced in the form
of vertical (out-of-plane) heterostructures
by stacking face to face two different
TMD materials with opposite charge car-
riers such as p-WS2 and n-MoS2.[6,7] The
construction of lateral (in-plane) p-n het-
erojunctions has also been reported. In
this case the deterministic transfer method
cannot be easily applied, and different
bottom-up fabrication methods should be
employed.[8–10] Of particular relevance in
designing novel electronic and optoelec-
tronic devices are TMD-based p-n homo-
junctions. In these systems, perfect lattice
matching, continuous band bending, and
efficient charge transfer are highly benefi-
cial for carrier transport and separation at
the junction. In fact, improved rectifying

features, more efficient photoresponses, and a better carrier mo-
bility compared to TMDs-based lateral heterojunctions have been
reported.[11] The different strategies employed to create TMDs-
based p-n homojunctions include thickness modulation in am-
bipolar materials,[12,13] chemical doping by substitution, interca-
lation, or surface modulation,[14–16] and electrostatic doping in
which gate voltages are applied to modulate the type and car-
rier concentration at different spatial regions.[2,4,5] Recently, the
possibility of using ferroelectric substrates to modulate the car-
rier type in TMDs has been also demonstrated enabling the for-
mation of lateral p-n homojunctions without the need of exter-
nal gating.[17–21] However, while the electrical properties of these
systems have been extensively studied in previous works, the
optical features of p-n homojunctions have not received much
attention, and there has been limited research on how TMDs
photoluminescence (PL) is modulated at the interfaces of these
junctions.[22,23]

It is well established that single layer 1L-TMDs emit light
much more efficiently than multi-layer structures due to the layer
dependent indirect-to-direct band gap transition. In addition, the
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atomic thickness nature of 1L-TMDs offers a unique opportunity
to modulate their optoelectronic properties by means of the sur-
rounding environment.[24] In particular, the association of TMDs
with ferroelectrics has recently emerged as a promising approach
for fabricating reconfigurable and nonvolatile 2D devices with di-
verse optoelectronic applications.[17–19] However, most of them
are based on multilayer structures which hampers their PL char-
acterization. In this context, the ability to optically address the
formation of 1L-TMD-based lateral p-n junctions on ferroelectric
domain structures provides a simple tool to characterize the de-
vice without the need for external electrodes, whose fabrication is
a recognized challenge in TMD device research.[25–27] Moreover,
the PL analysis provides fundamental insights on the influence of
the strong electric fields nanometrically confined on ferroelectric
domain walls on photogenerated neutral and charged excitons
(trions). Such insights may have technological implications for
optoelectronics, nanophotonics, and quantum optics.

In this work, a periodically poled LiNbO3, one of the
most versatile and attractive current platforms for integrated
photonics,[28,29] is used as ferroelectric substrate for 1L-MoS2.
The modulation of the carrier density induced by the ferroelec-
tric domain pattern in 1L-MoS2 is studied on both types of do-
mains, Pup and Pdown revealing the formation of p-n homojunc-
tions. While previous studies have exploited the association of
2D materials on LiNbO3 ferroelectric substrates from different
perspectives,[30–34] several aspects such as the influence of the
strongly confined electric fields at the domain walls or the com-
bined effect of photodoping and ferroelectricity remains unex-
plored. Here, we use spatially resolved scanning micro-PL at dif-
ferent excitation power values to systematically investigate how
the excitation intensity, excitation scanning direction, and do-
main walls influence the PL properties of 1L-MoS2. This ap-
proach yields new knowledge into charge modulation of 1L-MoS2
on domain surfaces and walls.

The work is organized as follows. On the one hand, we ana-
lyze the combined effect of both ferroelectricity and photodop-
ing on 1L-MoS2. The results highlight the presence of a domain-
dependent photodoping associated with charge creation and
transfer at the monolayer-substrate interface, pointing out the
major role of light excitation in ferroelectrically driven electro-
static doping in MoS2. On the other hand, an in-depth analy-
sis of the influence of domain walls on the electronic proper-
ties of 1L-MoS2 is carried out. At low excitation intensities, we
observe an abrupt modification in the charge carrier concentra-
tion of 1L-MoS2 in the vicinities of the domain walls, which re-
lates to the presence of a nanometrically confined electric field
at the domain wall surfaces of LiNbO3 crystals.[35,36] The results
demonstrate that domain walls can offer precise nanometric con-
trol over charge carriers, generating deterministic p-n regions on
1L-MoS2 with exceptional precision. Moreover, the formation of
lateral p-n homojunctions confined at the proximities of domain
walls is confirmed by electrical measurements showing a clear
rectifying behavior consistent with the local carrier density mod-
ulation of 1L-MoS2 in the proximities of the domain wall. Lastly,
we demonstrate the possibility of an optically driven modulation
of the potential barrier heights in the MoS2 p-n homojunctions
defined on the ferroelectric domain walls. Specifically, we observe
an alternating reduction and enhancement of the 1L-MoS2 PL
across successive domain walls. This modulation exhibits a direc-

tional dependence on the excitation scanning direction, enabling
a switchable spatial redistribution of the PL intensity at the junc-
tions when the laser scanning direction is reversed. The results
are interpreted in terms of a light-driven modulation of the po-
tential barrier heights at consecutive p-n junctions induced by
charge separation and accumulation effects.

Our study emphasizes the usefulness of spatially resolved
scanning PL spectroscopy as an efficient way to investigate the
formation of p-n junctions and their performance during above
bandgap illumination in 1L-TMDs. Additionally, the demonstra-
tion of spatially confined ferroelectrically induced p-n homojunc-
tions in 1L-MoS2 provides a promising approach for the sim-
ple fabrication of reconfigurable devices for photodetection and
other photonic applications.

2. Results and Discussion

Figure 1a displays the optical micrograph of a mechanically ex-
foliated MoS2 flake deterministically transferred to the polished
surface of a periodically poled LiNbO3 ferroelectric crystal. The
width of the alternating ferroelectric domains is ≈11 μm, more
than one order of magnitude larger than the spatial resolution of
our scanning μ-PL experiments. Figure 1b shows the differential
micro-reflectance spectra of the MoS2 flake recorded on the 1L re-
gion. The energy resonances in the spectra, located at ≈655, 600,
and 455 nm, correspond to the A, B, and C excitonic transitions
of MoS2, respectively. The measured exciton energies and rela-
tive intensities are in good agreement with previously reported
results for 1L-MoS2.[37,38] For comparison, the reflectance of the
2L-MoS2 region is also shown. Consistent with prior studies,[38,39]

the positions of the C and A-excitons show a redshift as the num-
ber of layers increases, while the B-exciton does not shift. This
behavior can be explained by two main effects: the redshift in the
band-to-band absorption edge and the decrease in excitonic bind-
ing energy as the material undergoes from 1L to 2L. In the case of
the A-exciton the first effect is dominant resulting in a clear red-
shift. Conversely, for the B-exciton the second effect dominates,
which justifies the experimental observation.[40]

The position of these bands shows a spectral red shift as the
number of layers increases. The obtained exciton energies and
relative intensities agree well with previously reported results
for 1L-MoS2.[38] The reflectance of the 2L-MoS2 region is also
shown for the sake of comparison. Figure 1c shows the micro-
reflectance spectra of 1L-MoS2 on two opposite polarity ferroelec-
tric domains, Pup and Pdown. While the intensity of the C band
remains basically the same regardless of the domain orientation,
slight modifications of the intensities of the A and B excitonic
emissions are observed when comparing the spectra on each do-
main. These results are consistent with the response of the in-
volved transitions to doping effects. As reported, the intensity of
the A and B excitonic transitions varies with doping levels, while
the intensity of the C band remains almost unaffected.[37] In par-
ticular, a reduction of the A and B intensities of ≈3% on the Pup
domain with respect to that on the Pdown domain is observed.
A small redshift (≈4.5 meV) in the region of the A exciton is
also detected on Pup domains as highlighted in Figure 1d. This
slight spectral change could be related to a higher presence of tri-
ons on the positive Pup domain compared to the negative Pdown
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Figure 1. Fabrication and characterization of 1L-MoS2-LiNbO3. a) Optical image of a mechanically exfoliated MoS2 flake transferred onto the surface of
a periodically poled LiNbO3 crystal; the contrast between different polarized domains in the image is highlighted using false-color imaging. The number
of MoS2 layers and the orientation of the ferroelectric polarization are indicated. b) Micro-reflectance spectra in a bilayer (blue) and a monolayer (gray)
region of the MoS2 flake. The spectral positions of the A, B, and C excitons are indicated. c) Micro-reflectance spectra of 1L-MoS2 on Pdown (blue) and
Pup (red) ferroelectric domains. d) Detail of the micro-reflectance spectra of 1L-MoS2 around the A exciton spectral region.

domain, which suggests the presence of ferroelectrically-induced
electronic doping in the system.

Further information on the spatial modulation of the carrier
density produced by the ferroelectric domain pattern can be ob-
tained by analyzing the PL signal of the 1L-MoS2 on Pup and
Pdown ferroelectric domains when varying the excitation intensity.
Figure 2a shows the optical image of the 1L-MoS2 deposited on
the ferroelectric domain structure together with the spatial distri-
bution of the PL intensity obtained by integrating the emission
spectra around the A exciton band. The excitation intensity was
2⋅105 W cm−2. As observed, the change in the spontaneous po-
larization orientation of the ferroelectric substrate is correlated
to a strong modulation of the 1L-MoS2 PL with maximum values
occurring on the Pdown domains. The spectra of 1L-MoS2 on each
type of domain, Pdown and Pup, are compared in Figure 2b. They
both show an asymmetric shape due to the contribution of two
resonances labeled as A and A− in the figure. The A peak cor-
responds to the neutral exciton emission centered at ≈655 nm.
The A− band centered at ≈670 m is associated with the presence
of trions. As established, the ratio of exciton/trion emission in
1L-MoS2 is determined by the carrier concentration density in
the layer.[14] In fact, the charge balance at the 1L-MoS2-LiNbO3
interface produces a p-type doping on the Pdown domain, which
leads to a predominant emission from neutral excitons from that

domain. Conversely, the Pup domain surface induces an n-type
doping, which quenches the exciton emission and therefore in-
creases the trion spectral weight in the PL spectrum. On this do-
main, the total emitted intensity decreases due to the lower quan-
tum yield of trions at room temperature compared to that of neu-
tral excitons.[41] The observed PL contrast is in good agreement
with previous works[22,23,32] and indeed, it can also be correlated
to previous results obtained by electrostatic doping in MoS2 in
the voltage range −50 to +50 V,[42] verifying the effective doping
and the spatial carrier density modulation induced in 1L-MoS2
by the ferroelectric domain patterning of a LiNbO3 substrate. An
opposite contrast in PL to that observed in this work has been
reported,[43] which could be attributed to a more complex sample
preparation that could modify the balance between the polariza-
tion charge and the screening charge, and therefore the doping
of MoS2.

Figure 2c shows, as an example, the deconvolution of the PL
into the exciton (A) and trion (A−) bands on two ferroelectric do-
mains of opposite polarity. Through the PL intensity weight of
both resonances, and using the expression derived by Mouri et
al.,[14] it is possible to extract quantitative information on the dop-
ing concentration of 1L-MoS2 on each type of domain. By consid-
ering the mass action law associated with trions and assuming
that the radiative decay rate of excitons and trions varies in the
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Figure 2. Domain-dependent photoinduced charging process. a) Spatial distribution of the integrated PL intensity of 1L-MoS2 on LiNbO3 (right) and
the corresponding optical image (left); the contrast between different polarized domains in the image is highlighted using false-color imaging. The
excitation intensity was fixed at 2·105 W cm−2. b) PL spectra of 1L-MoS2 on Pdown (blue) and Pup (red) ferroelectric domains. The spectral positions
of the exciton (A) and trion (A−) bands are indicated. c) Deconvoluted spectra by the exciton (shadowed blue) and trion (shadowed red) contributions
to 1L-MoS2 PL on the Pdown (left) and Pup (right) domains. d,e) Evolution of 1L-MoS2 PL spectra in the 103–105 W cm−2 range of excitation intensity
recorded on the Pdown and Pup domains, respectively. For the sake of comparison, the spectra have been rescaled according to the factors displayed in
the panels. f) Estimated electron density of 1L-iMoS2 on Pup (red) and Pdown (blue) domains as a function of the excitation intensity. The inset shows a
schematics of the band bending and photo-doping process on the Pup domain surface. Adapted from Ref. [46].

same proportion, the electron density concentration, nel, can be
derived from the equation:[14]

Itri

Itotal
=

𝛾tri

𝛾ex
× Ntri

Nex

1 + 𝛾tri

𝛾ex
× Ntri

Nex

∼
4 × 10−14nel

[
cm−2

]

1 + 4 × 10−14nel [cm−2]
(1)

where 𝛾ex and 𝛾 tri are the radiative decay rate of exciton and tri-
ons, respectively, with 𝛾ex/𝛾 tri ≈20/3,[14] and Ntri and Nex account
for the population of excitons and trions derived from the steady-
state solutions. According to Equation (1), the estimated elec-
tron density is around five times higher on the Pup domain (nel
∼8.2⋅1013 cm−2) than on the Pdown domain (nel ∼1.6⋅1013 cm−2),
the difference of electron density being Δnel = 6.6⋅1013 cm−2.
However, this estimated carrier concentration and the strong
spectral differences observed on both domains cannot be com-
pletely attributed to ferroelectric doping. Rather, the effect of

photodoping should be also considered, and in fact, the impact of
photodoping is particularly relevant at high excitation power al-
tering the carrier concentration in TMDs and thus, the interplay
between exciton and trions.[44,45]

To investigate the combined influence of the substrate spon-
taneous polarization and photodoping on 1L-MoS2, the PL spec-
tra on the surface of each type of ferroelectric domain have been
recorded in the 103–105 W cm−2 range of excitation intensity.
As observed, in Figure 2d,e, for the lowest intensities, the PL
spectra are similar on both Pdown and Pup domains suggesting
a negligible difference of charge carrier density, and therefore,
a minor contribution of the ferroelectric doping at the minimal
incident intensity. However, for incident intensities exceeding
104 W cm−2, the PL spectra on each domain exhibit significant
differences. While on the Pdown region the spectra are governed by
the A excitonic transition, on the Pup domain, the trion contribu-
tion dominates the emission, resulting in a redshift of the overall
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PL. This spectral dependence on the incident excitation intensity
is a characteristic signature of a photoinduced electron charging
process (photodoping), which is associated with charge creation
and transfer at the monolayer-substrate interface.[44,45] Possible
thermal effects could also be considered to account for the spec-
tral changes observed at the higher excitation intensities. How-
ever, the exciton energy position does not show any detectable
redshift with increasing excitation power that could be related to
a temperature increase,[47] which points to photodoping as the
dominant factor responsible for the observed changes in PL.

Figure 2f presents an estimation of the electronic density on
the Pup and Pdown domains as a function of the excitation intensity
obtained from the exciton and trion spectral contributions using
Equation (1). The growth rate of the electron density strongly de-
pends on the polarization orientation, with a higher rate observed
on the Pup domain. This result clearly reveals the presence of a
domain-dependent photodoping process in 1L-MoS2 deposited
on LiNbO3, according to the interface charges of each type of
ferroelectric domain surface. In fact, the underlying mechanism
can be associated with induced free carriers and the presence
of a polarization-dependent band bending at the polar surface
of the ferroelectric crystal as established by a variety of photo-
assisted processes in this material.[48–51] The domain-dependent
band bending (upward and downward in the Pdown and Pup do-
mains, respectively) results in an electric field at the ferroelec-
tric surfaces that facilitates charge separation and transfer at the
LiNbO3-MoS2 interface. In particular, this band bending pro-
duces the accumulation of photo-excited electrons on the sur-
face of Pup domains favoring the dominant presence of negative
charged excitons (trions). See inset in Figure 2f. It also explains
the constant behavior of the electronic density observed on the
Pdown domain as the excitation light intensity is increased. Ac-
cordingly, light-induced p-n homojunctions can be formed in 1L-
MoS2 deposited on alternate domain structures in LiNbO3. The
results show the crucial influence of light excitation in ferroelec-
trically driven doping. In fact, the role of LiNbO3 as ferroelec-
tric substrate to spatially modulate the carrier density in MoS2
is clearly manifested under light excitation. We have confirmed
that photodoping with high excitation intensity lasts at least for
several weeks. On the other hand, as observed in Figure 2f, the
difference between the electronic density on each type of domain
approaches zero in the absence of excitation light, which indi-
cates a minor contribution of the spontaneous polarization itself
on the doping modulation of MoS2. Indeed, the values of the elec-
tronic density obtained at the y- axis intercept by a least square
fitting of the linear relationship in Figure 2f (nel ∼1013 cm−2) are
in the order of those reported for pristine 1L-MoS2.

The results in Figure 2 refer to effects on the 1L-MoS2 on the
domain surfaces. However, for a comprehensive view, the influ-
ence of the domain wall surfaces on the electronic properties of
1L-MoS2 should be also considered. As previously established, a
non-uniform electric field distribution is present on the surface
of ferroelectric domain patterns in LiNbO3.[35,36] This field distri-
bution shows a strong out-of-plane field z-component at the do-
main walls surfaces due to the antiparallel ferroelectric domain
structure. This field component has been calculated to be ≈0.5
MVm−1, ten times larger than that on the domain surfaces, and
changes its sign in the proximity of the domain wall from one
domain to another.[35,36] Therefore, considering that this electric

field values are comparable to those obtained with a split gate
configuration, it is worth addressing here the impact of the strong
nanometrically-confined field at the domain walls surfaces on the
optical and electronic properties of 1L-MoS2. To that aim, we have
analyzed the behavior of the 1L-MoS2 PL on the vicinity of a do-
main wall for a much lower excitation intensity (≈103 W cm−2).
Figure 3 shows the PL obtained in a narrow spatial region around
a domain wall with a step precision that corresponds to the limit
of the spatial resolution of our experimental setup. The integrated
emission intensity is displayed in Figure 3a. Four different re-
gions can be distinguished (zone I to IV). The PL intensity on
both domain surfaces Pdown and Pup (zone I and IV, respectively)
are comparable since photodoping effects on the domain sur-
faces can be neglected at the employed excitation power. How-
ever, in the vicinity of the domain wall, a singularity is observed,
featuring a sharp increase of the emitted intensity (zone II) fol-
lowed by a decrease (zone III). This singularity can be related
to the strong values of the electric field distribution on the do-
main wall surface. The spectra obtained in the different regions
are shown in Figure 3b. On the Pdown and Pup domains (region
I and IV, respectively) a similar spectral shape, consistent with
the low electrostatic doping displayed at low excitation intensi-
ties, is observed (see Figure 2). However, on zones II and III the
PL exhibits significant changes, indicating a clear difference in
the electronic doping between those zones. Zone II shows a dom-
inant contribution of excitons (p-type doping), while zone III re-
veals a higher relative contribution of trions (n-type doping). The
observed spectral changes indicate an abrupt modulation of the
charge carrier concentration on 1L-MoS2 on the proximity of the
domain wall. In fact, the results reveal that, for low excitation in-
tensity, the modulation of the electronic doping primarily occurs
on the vicinity of the domain walls, rather than on the domain
wall surfaces. Here we note that similar PL features are observed
in the vicinity of consecutive domain walls when sequentially
scanning several domains. Therefore, at low excitation intensity,
the domain walls features provide nanometric control of charge
carriers, generating deterministic and precise nanometric p-n ho-
mojunctions. The narrow spatial region where the singularity is
observed agrees with the ultranarrow width of the domain walls.
While these are typically nanometer-wide regions, the impact of
the strong out-of-plane electric field, which extends into the do-
main surface region, combined with our diffraction-limited lat-
eral spatial resolution, accounts for the observed spatial extension
along the domain wall.

To corroborate the optical results, we measured current-voltage
(I-V) curves by using two AFM cantilevers with platinum-coated
nanometer-radius tips in contact with the 1L-MoS2 i) on a single
domain region, and ii) on both sides of a ferroelectric domain
wall where the p-n junction is formed. The results are shown
in Figure 3c. While for the case of the single domain region
an almost linear behavior is obtained, a clear diode-like rectify-
ing behavior is detected across the p-n junction. This result, ob-
tained in the absence of excitation light, and therefore, with a
negligible doping difference between domains, verifies the pres-
ence of a noticeable electrostatic doping associated with the pres-
ence of the out-of-plane electric field in the proximities of the do-
main wall surface. Figure S1 in the Supplementary Section shows
additional I-V curves collected on domain surfaces for several
1L-MoS2 monolayers transferred on periodically poled LiNbO3
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Figure 3. Nanometric control over charge carriers in MoS2. a) Integrated PL intensity of 1L-MoS2 on the vicinity of a ferroelectric domain wall in LiNbO3
for an excitation intensity close to 103 W cm−2. b) PL spectra of 1L-MoS2 in different regions: I and IV correspond to the Pdown and Pup domain surfaces,
respectively; II and III correspond to the vicinities of the domain wall surfaces. The spectral positions of the exciton (A) and trion (A−) bands are indicated.
c) Dark intensity-voltage (I–V) curves measured contacting the 1L-MoS2 by using two Pt-coated tips on a same single domain surface (blue) and both
sides of a single domain wall (red). Schematics of the experimental configuration are shown in the right panels.

substrates. They all exhibit a similar behavior without any rec-
tification, consistent with the minor contribution of the sponta-
neous polarization itself on the doping modulation of MoS2.

Finally, the impact of both electrostatic and photodoping ef-
fects on the charge carrier modulation was evaluated by scan-
ning two consecutive junctions (domain walls) at an intermedi-
ate excitation intensity (≈104 W cm−2). To record this larger spa-
tial region, a larger step size than that of Figure 3 was used,
which resulted in a lower spatial resolution. Figure 4a displays
the PL spatial map recorded upon these experimental conditions,
scanning the domains from left to right. As seen, increasing the
incident laser intensity results into a drastic PL spatial redistri-
bution when scanning consecutive domains. Namely, the PL in-
tensity decreases when crossing the first junction and increases
at the second one. This alternating PL reduction and enhance-
ment of 1L-MoS2 across successive ferroelectric domain walls (n-
p and p-n homojunctions) is clearly visible in the spatial profiles
displayed in Figure 4b. Both profiles were registered under the
same experimental conditions but reversing the scanning direc-
tion from right to left. The results show that in both cases the
PL intensity decreases when crossing the first junction and in-
creases on the second one, irrespective of the scanning direc-
tion. This leads to a directional switchable redistribution of the
emitted light on consecutive junctions. The schemes in Figure 4c
explain the PL behavior. When the first n-p junction is optically
excited, a relatively large number of excitons are generated. The
presence of the built-in electric field at the depletion region of
the junction causes dissociation of part of the photogenerated ex-
citons, driving electrons into the n-type region and holes into the
p-type. This results in a reversed bias of the first barrier and a
PL decrease. This fact, together with the continuous illumination
along the Pdown domain during the scanning process results in a

charge accumulation that biases the second junction forward fa-
voring the radiative recombination and the enhancement of the
emission. Moreover, because of photodoping, the electron den-
sity on the Pup domain is substantially increased (see Figure 2f),
and therefore, its n-type character, which enlarges the potential
barrier height at the first junction (reversed bias) and the effi-
ciency of electron-hole dissociation. The separation of carriers
(electrons and holes) affects the equilibrium of the homojunc-
tions leading to the increase and enlargement of the lateral de-
pletion region. Similar photoexcited charge dynamics have been
observed for lateral Schottky barriers using scanning photocur-
rent microscopy.[52]

Figure 4d depicts a series of profiles recorded when scanning
the 1L-MoS2 on three consecutive domains from left to right for
laser intensities ranging from 102 to 105 W cm−2. At low excita-
tion intensities (blue), in the order of 102 W cm−2, photodoping
does not play a major role, the similarity in the spectral shapes
on both domains and the singularities at domain walls agree with
Figure 3. At higher excitation intensities (green), the photodop-
ing effect becomes important, increasing the built-in field at the
first scanned barrier, and the efficiency of electron-hole dissocia-
tion. The separation of carriers (electrons and holes) affects the
equilibrium of the homojunctions leading to the increase and en-
largement of the first potential barrier. The positive photogener-
ated carriers are driven to the second junction, weakening the
potential barrier, which favors their radiative recombination. Fi-
nally, at the highest excitation intensities (red) (≈105 W cm−2), the
polarization-dependent photodoping governs the scenario, and
the large number of carriers generated on the domain surface
dominates and masks the effects on the domain walls. This re-
sults in a homogeneous spatial dependence of the emitted inten-
sity for both p- and n-type doped MoS2.
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Figure 4. Light-driven modulation of potential barrier heights. a) Spatial distribution of the integrated PL intensity of 1L-MoS2 on LiNbO3 (bottom) and
the corresponding optical image (top). The excitation power was 104 W cm−2 and the scanning from left to right. b) Spatial profiles of the integrated
MoS2 PL intensity obtained by scanning along two opposite directions. Dashed-dotted lines indicate the position of the domain walls. c) Proposed
mechanism explaining the observed spatial distribution of PL. Schematics of the energy bands and diffusion of charge carriers are shown for the two
PL scanning directions. d) Spatial profiles of the integrated PL of 1L-MoS2 along three consecutive domains for laser intensities in the 102–105 W cm−2

range. For illustrative purposes the profiles have been normalized and vertically translated. The scanning direction in this case is from left to right.

3. Summary and Conclusion

To summarize, we have shown the usefulness of spatially re-
solved scanning PL spectroscopy as an efficient way to investigate
the formation of lateral p-n junctions and their performance dur-
ing above bandgap illumination in 1L-TMDs. In addition to direct
imaging and probing of the lateral homojunctions without the
need for external electrodes, we have performed detailed spectro-
scopic studies as a function of the incident laser intensity to evalu-
ate the interplay between excitons and trions in monolayer MoS2.
We found that while at high incident powers (≈105 W cm−2) the
ferroelectric polarization-dependent photodoping process favors
the modulation of charge carriers on the surface of Pup and Pdown
domains, at much lower incident powers (≈103 W cm−2) the spa-
tial carrier density modulation in 1L-MoS2 is restricted to the
domain wall surfaces, generating deterministic p-n regions on
1L-MoS2 with exceptional precision. The ultra-narrow MoS2 p-n
junctions display a clear rectifying diode like behavior opening
new routes for the design of simple and cost-effective electronic
and optoelectronic devices based on the integration of 1L-MoS2
with domain engineered ferroelectric crystals. Finally, by using
all optical methods we have also shown the possibility of locally
modifying the potential barrier height between consecutive p-n
junctions. We demonstrate that tuning the amount of photodop-

ing in the system enables changing the strength of the in-built
electric field at consecutive junctions, leading to a switchable spa-
tial redistribution of the emitted PL with the laser scanning di-
rection. The spatial hysteresis behavior observed in the sponta-
neous emission envisages the possibility of reversibly switching
the photocurrent direction in photovoltaic architectures based
thus providing alternative pathways for the realization of novel
electrically and optically driven low dimensional-based optoelec-
tronic devices. All in one, our results point out different light-
matter interaction processes taking place in 2D materials on fer-
roelectric substrates and open up prospects for unraveling new
physical phenomena and search for innovative nanodevices har-
nessing the surface selectivity provided by ferroelectric domain
engineered structures.

4. Experimental Section
Sample Preparation and Characterization: Mechanically exfoliated

MoS2 flakes from a bulk crystal were deposited onto a polydimethylsilox-
ane sheet and deterministically transferred[53] to the polar surface of com-
mercially available (Covesion) periodically poled lithium niobate crystals.
The ferroelectric domain patterns were fabricated by electric field poling
on a 0.5 mm thick LiNbO3 crystal. To ensure a proper spatial resolution
during the optical measurements, the period of the alternate structure was
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close to 20 μm (domain width ≈11 μm). The number of layers of the MoS2
flakes was determined by means of differential micro-reflectance exper-
iments in the 400–900 nm spectral range. To that end, the light from a
halogen lamp was focused and collected through a 100× microscope ob-
jective (N.A. = 0.95) and directed to an optical fiber coupled to a CCD
spectrometer (Spectral Products CVI SM440). A spatial pinhole was em-
ployed to further improve the spatial resolution (≈1 μm).

Photoluminescence Measurements: Spatially resolved micro-PL experi-
ments were performed with a customized laser scanning confocal micro-
scope (Olympus BX41) provided with a two-axis XY motorized platform
with 0.3 μm spatial resolution. An Ar+ laser (Spectra Physics Model 177-
Series) with a filtered emission at 488 nm was used as excitation source.
The pump beam was focused onto the surface sample by a 100× mi-
croscope objective (N.A. = 0.9). The diameter of the excitation spot was
≈1 μm. The PL signal was collected in backscattering geometry with the
same objective lens and directed by an optical fiber to a Peltier-cooled
Horiba Synapse CCD connected to a Horiba iHR 550 monochromator. A
notch filter at 488 nm was employed to suppress the reflected laser beam
from the collected signal.

Electrical Characterization: The electrical characterization was carried
out by means of a home-built two-terminal probe station with 2 sets of xyz
piezomotors that allow precise positioning of the electrical probes. These
were conductive AFM tips that protrude from the very end of the cantilever
(Nanosensors ATEC-EFM) with a nominal stiffness of 2.8 N m−1, ensur-
ing real tip visibility from above for a soft and accurate mechanical and
electrical contact. To characterize the electrical properties of the system,
the probes were brought into direct contact with the MoS2 flakes (see
Figure 3c), as verified using a force sensor with a sensitivity of ≈1 mN
located underneath the sample. This ensures a good electrical contact be-
tween the probes and the MoS2.[54] The experimental set up includes a
Keithley 2400 source meter to apply the bias voltage between electrodes,
a Femto DLPCA-200 variable-gain low-noise current preamplifier, and a
Keithley 2000 multimeter to measure the output of the preamplifier.
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