Layer Dependent Modulation of WS;

Photoluminescence by Lateral Electric Fields

Zhengyu He,' Yuewen Sheng,* Youmin Rong,* Gun-Do Lee,? Ju Li,** Jamie H. Warner®”
!Department of Materials, University of Oxford, Parks Road, Oxford, OX1 3PH, UK

2Department of Materials Science and Engineering, Seoul National University, Seoul 151-742,
Republic of Korea

3Department of Nuclear Science and Engineering, Massachusetts Institute of Technology, 77

Massachusetts Avenue, Cambridge, MA 02139, USA

“Department of Materials Science and Engineering, Massachusetts Institute of Technology, 77

Massachusetts Avenue, Cambridge, MA 02139, USA

*Jamie.Warner@materials.ox.ac.uk

Abstract

Large single crystal domains of WS, are grown by chemical vapour deposition and their
photoluminescent properties under lateral electric field are studied. We demonstrate that
monolayer and bilayer WS, have opposite responses to lateral electric fields, with lateral
electric fields causing monolayer WS, photoluminescence (PL) to substantially reduce, whilst
it increases PL in bilayer WS,. Temperature dependent PL measurements are also undertaken
and show distinctly different behaviour to the lateral electric field effects, ruling out heating as
the cause of the PL changes. The PL variation in both mono- and bilayer WS; is attributed to
the transfer of photo-excited electrons from one conduction band valley to another, modifying
the resultant recombination pathways. The effect of this physical process on luminescent

properties can be only observed in 2D TMDs other than bulk semiconductors, due to the much
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larger exciton binding energy than the energy difference between two conduction band

extrema.
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Introduction

Atomically thin transition metal dichalcogenides (TMDs) are 2D materials, consisting of two
hexagonal planes of chalcogen atoms X (S, Se) covalently bonded to transition metal atoms M
(Mo, W) arranged hexagonally. Bulk TMDs play an important role as dry lubricants® and have
different properties to the 2D monolayer and few layer thin films. 2D TMDs have unique
electrical?> and optical properties®, evolving from an indirect to a direct bandgap when the
number of layers decreases down to a monolayer*®. The very large exciton binding energy, due
to the 2D nature,® leads to strong excitonic photoluminescence even at room temperature’°.
2D TMD materials have potential applications in a variety of opto-electronic devices, including

photo-detectorst~3 solar cells*Y, light-emitting devices!®®1® and photo-transistors?%2L,

For many applications, engineering the optical properties via external modulation is
highly desired 8. Tongay et al.® reported that crossover from an indirect to a direct bandgap can
be thermally driven in MoSe>, where heating induced larger interlayer spacing. Strain induces
lattice parameter changes and modulates the band structure, altering the optical properties of
WSe2.22 A more desirable way to control the optical properties is through electrical
manipulation. Electrostatic charging in a field effect transistor can charge the neutral exciton
and produce different emission spectra?>24, Density functional theory (DFT) calculations also

predict that sufficiently high vertical electric fields can bring the conduction and valence bands



closer, or even transform TMDs from semiconductors to zero-gap materials.?® However, few
reports have explored the optical response of TMDs under lateral electric field and during
current flow, which has been proven to be an effective method to manipulate the optical
properties of many other materials. Bludau et al.?® and Skromme et al.?’ reported PL quenching
from bulk GaAs and InP and attributed it to impact ionization. Similar measurements have also
been carried out on low dimension materials. Zhang et al.?® observed field-induced PL
quenching on Alo3Gao7As /GaAs/ Alo3Gao7As single quantum wells with ultra-high time
response, opening up the possibility of quantum well based high speed optical modulators.
Again, impact ionization has been proposed to be the dominant quenching mechanism. Huang
et al.?® have reported PL switching from single colloidal quantum dots using an electric field
and argued that direct exciton ionization was the dominant mechanism. Field induced PL
quenching was reported for quantum nanorods, explained by the diminishing of transition

matrix elememt®.

Here we examine the changes to photoluminescence spectra from monolayer and
bilayer WS, when a lateral electric field is applied. For monolayer WS, increasing lateral
electric field leads to PL quenching, whilst for bilayer it causes an increase in PL emission.
This finding can help fabricate more efficient optoelectronic devices®~33 based on bilayer
TMD materials. Possible mechanisms behind the PL quenching and enhancement are

discussed.
Results and Discussion

Large 2D single crystals of WS, were grown by CVD on Si substrates with a 300 nm
oxide layer, using our previously reported method®*. This results in primarily monolayer
domains, but some bilayer and few layer domains can also be found within the sample. Figure

1a shows an SEM image of the monolayer single crystal WS, domain with an average size of



about 100 um. The well-defined triangular shape and uniform contrast indicate the high quality
of our WS samples. Monolayer and bilayer WS> domains can be distinguished by optical
contrast if the RGB channel of the imaging CCD is optimized.*® Figures 1b and 1c show the
optical microscopy image of monolayer and bilayer isolated domains. Monolayer and bilayer
are further confirmed by their PL signal, presented in figure 1d. Under same excitation laser
power and CCD acquisition time, the PL integrated intensity from monolayer is 200 times
stronger than that from bilayer region, arising from the evolution of electronic structure from
indirect bandgap for bilayer to direct bandgap for monolayer'®3>, Raman spectroscopy can also
help in determining single layer from bilayer WS, shown in figure 1e. The black line represents
the Raman spectrum from monolayer WS,, showing E'2q and A1q phonon modes at 352.3 cm™
and 418.9 cm™. Bilayer WS; has a different Raman spectrum (red line in figure 1e), with Elyg
blue-shifting to 351.4 cm™ and Auq red-shifting to 419.8 cm™, consistent with what has been

previously reported.'%-%

Figure 1f depicts the schematic diagram of the experimental setup used to monitor the
PL spectra under different lateral electric field by applying source drain bias. Lithographic
patterning to make electrodes to the WS, was avoided to ensure that no defects were introduced
by the processing into the as-grown WS that could influence its PL response.?* Source-drain
electrodes were made by positioning two ultrafine tungsten tips directly onto the surface of the
WS> domains using micro-manipulators, resulting in stable contacts. The tungsten tips were
typically positioned 20 um apart underneath a long working distance objective lens in a PL
confocal spectrometer. The PL was excited in the middle of the two electrodes using a 532nm
laser focussed to ~2um spot. Although the misalignment between the WS, conduction band
and the work function of the tungsten tips can introduce a Schottky barrier, it should not
influence the experiment results when considering the effect of current flow on the PL

dynamics.
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Figure 1. Identification of monolayer and bilayer WS,. (a) SEM image of monolayer single crystal
triangular shape WS, domain. (b,c) Optical image of (b) monolayer and (c) bilayer WS,. (d)
Photoluminescence spectra of monolayer and bilayer WS,. () Raman spectra of monolayer and bilayer
WS;. Black line: monolayer. Red line: bilayer. (f) Schematic diagram of the setup used in experiment

to measure PL under lateral electric field.

Figures 2a and 2b show the typical PL behaviour of monolayer WS, under an external lateral
electric field by applying source-drain bias. We repeated these measurements on numerous
monolayer crystals, which all showed the same behaviour. Under low electric field, minimal
current flows and the PL changes little. However, when the electric field exceeds certain value,
such as 1 kV/cm in this case, the intensity of PL starts to decrease dramatically up to 50% of

the original value as the electric field continues to increase. It also shows reversible behaviour



in which the PL intensity can almost goes back to the original value as the electric field returns
to zero. This indicates that the PL quenching observed under electric field is not caused by
permanent structural change or chemical reaction with species in the air. In addition to PL
quenching effect, another feature shown in figures 2a and 2b is the small redshift of PL spectra
under electric field, which will be discussed in detail in next section. Figures 2c and 2d show
both the traces of PL integrated intensity and source drain current versus lateral electric field.
The nonlinearity of the 1-V curve arises from the Schottky barrier, which is the result of
misalignment between the work function of source-drain electrode and WS, conduction band*’.
In figure 2e, we plot the trace of PL integrated intensity versus source drain current, trying to
find the correlation between current and PL intensity. With minimal current flow, PL intensity
shows fluctuation within a small range, which is then followed by drastic quenching process.

With current increasing continuously, the quenching rate decreases gradually.
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Figure 2. PL of monolayer WS, under lateral electric field. (a) Typical PL spectra under two different

electric field, 0 kV/cm and 1.43 kV/cm. Quenching effect and redshift can be clearly observed. (b)

Colour contour map of PL spectra under lateral electric field. (c) PL integrated intensity versus electric

field. (d) I-V trace under laser illumination. Red balls: electric field ramps up. Blue balls: electric field



ramps down. e) Correlation between PL integrated intensity and source drain current during the process

of source drain bias ramping up. Inset: magnified image of area labelled in blue rectangle.

The behaviour of bilayer WS, under lateral electric field is completely different to the
monolayer case, with the PL greatly enhanced under lateral electric field, as illustrated in the
PL spectra in figure 3a and contour colour map in figure 3b. Similar to the monolayer case, the
PL intensity does not change much under weak electric field, where the current is small. As the
field strengthens to certain threshold value (2.0 kV/cm in this case) the PL signal starts
increasing substantially up to 150% of the original value. We have repeated these
measurements on more than 10 different samples to confirm the consistency of the behaviour,
and the highest value of PL increase we achieved amongst various samples measured was
300% of the original value for a large electric field (See supporting information figure S1).
Again, the reversibility of this behaviour eliminates the possibility of permanent structural
change or chemical reaction caused by electric field and subsequent current flowing through
the material. Apart from intensity changes, the electric field also redshifts and broadens the PL
peak. Figure 3c plots the PL integrated intensity versus electric field, enabling us to explore
the PL intensity change into details. A noteworthy phenomenon is that PL first undergoes
quenching if the electric field reaches a threshold value (1.25 kV/cm in this case) prior to
enhancement. Such coexistence of both quenching and enhancement indicates two competing
mechanism behind the PL change. The I-V relationship is plotted in figure 3d, where the
nonlinearity is attributed to the Schottky barrier between W electrode and WS,. Figure 3e
shows the correlation between PL intensity and source drain current. It starts with fluctuations
within limited range under very small current flow. The increasing current first concurs with
PL quenching and then followed by enhancement. The enhancement rate slows down and

stabilizes at constant value with ascending current.
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Figure 3. PL signal from bilayer WS, under different lateral electric field. (a) Typical PL spectra under
an electric field of 0 kV/cm and 2.9 kV/cm. PL enhancement and redshift are observed. It should be
pointed here that the PL we monitored comes from K-K direct recombination. (b) Colour contour map

of PL spectra under lateral electric field. (¢) PL integrated intensity versus electric field. (d) I-V trace



under laser illumination. Red balls: electric field ramps up. Blue balls: electric field ramps down. e)
Correlation between PL integrated intensity and source drain current during the process of source drain

bias ramping up. Inset: magnified image of area labelled in blue rectangle.

We measured how the PL changes for monolayer and bilayer WS; as a function of temperature
in order to explore whether joule heating is the cause for the observed PL effects. Prior work
on MoSe; showed that high temperature quenched the PL of monolayer MoSe> while it
enhanced the PL of multilayer MoSe,®. Figures 4a and 4b show the temperature dependent PL
of monolayer WS,. Clearly, figure 4a indicates that rising temperature quenches the PL
dramatically by about 40% of the room temperature intensity. This quenching effect can be
easily understood since the non-radiative electron-hole recombination rate increase
exponentially with increasing temperature.®® However, increasing temperature of the bilayer
domain decreased the PL to ~48% of the original intensity shown in figure 4c and 4d, opposite
to what we have observed for WS; bilayers under electric field in figure 3. We repeated these
measurements more than 10 times on different samples to ensure their consistency and validity.
Therefore, there must be another mechanism responsible for the PL enhancement of bilayer
WS, induced by electric field. Along with quenching, the PL peaks in both monolayer and
bilayer WS, experiences a large redshift with increasing temperature, as illustrated in figure 4b
and 4d. Such behaviour is similar to the response of conventional semiconductors under high
temperature, which is the result of increased electron-phonon interactions and slight changes
in bonding lengths. Thus it provides a method to evaluate the temperature of a semiconductor.*
By employing a standard expression for the dependence of the semiconductor bandgap versus
temperature®, it is possible to obtain the expression for exciton emission energy as a function

of temperature, as in equation [1]*:

E(T) = Eq — S{hw) | coth (%) -1 [



where Eo is the emission energy at zero absolute temperature, S is a dimensionless coupling
constant and (Aw) is the average phonon energy. At room temperature for monolayer WSy, the
best fitting yields Eo=2.08 eV, S =2.47, and (hw)= 13.0 meV and for bilayer Eo=1.97 eV, S
=2.70, and (hw)= 10.8 meV. With the help of this expression, it is possible to derive the
temperature difference of WS, under different electric fields by comparing the emission energy
difference®. In figures 2a and 3a, the emitted photon energy shifts 4 meV for monolayer and
8 meV for bilayer, towards the low energy region, corresponding to a temperature rise of 15 K
and 29 K, respectively. Such a temperature change can only yield a PL intensity suppression
of about 6.0% for monolayer and 6.5% for bilayer, which is much smaller than the PL
variations observed in figures 2 and 3. Therefore, it is unlikely that temperature effects are the

dominant factor causing changes in the electric field dependent PL measurements.
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We now discuss various mechanisms that can lead to PL variation under electric field.
According to previous reports, possible causes of PL quenching include: a) thermal effects®, b)
Auger decay*?, c) direct exciton ionization?® and d) impact ionization?®2’. Mechanism a),
thermal effect, can be excluded here because we performed the temperature dependent PL
measurement and showed this cannot account for the observed PL changes under electric field.
For mechanism b), Auger decay, it has been shown to limit electroluminescent emission ability
of LEDs*, but it is only significant under very high carrier densities*>*3, especially for wide
bandgap semiconductor.** Yet CVD prepared WS, is usually slightly n-doped for both
monolayer and bilayer crystals.*® Therefore, Auger decay is unlikely to be the main factor
resulting in quenching. To clarify the validity of mechanism c), where excitons are separated

apart directly by an applied electric field, it is necessary to calculate the exciton ionization

threshold field strength, which is approximately given by the ratio EE% where Eex is the

ex

binding energy of exciton, e is the charge unit and a,, = %eraB is the exciton radius where

mo is electron rest mass, u is reduced effective mass of exciton, €,is the relative dielectric
constant and ag is Bohr radius®. Since the applied electric field is along the in-plane direction,
we only need to consider the in-plane component of these parameters. For monolayer WSy,
Eex=0.28 eV*', 1y, = 0.16mo", €, ,,, = 13.4" This yields a threshold electric field of about
6x10° V/cm which is 2 orders of magnitude higher than the experiment value (~10° V/cm,
figure 2b and 2c). For bilayer, The exciton binding energy of bilayer WS; is about half of that
of monolayer WS,%8 while the reduced mass and dielectric constant changes little®. Hence the
threshold field strength of direct exciton ionization is about 10° V/cm, which is still too high

compared with that used in our experiment (1.25X 10® V/cm, figure 3b and 3c). Therefore,

direct exciton ionization is unlikely to account for the electric field induced quenching we
observe. In mechanism d), impact ionization, carriers are first accelerated by an external field

and then impact excitons generated by photon absorption. When the kinetic energy of charge



carriers is high enough, they can ionize the photo-generated excitons through the collision
process, which modifies the resultant PL recombination pathways. One important criterion is
that the energy of the electrons must exceed the exciton binding energy. According to our
calculations, the average energy of photo-excited electrons gained under an electric field of 103
V/cm is about 82 meV, much lower than the exciton binding energy (Detailed calculations are
presented in supporting information S2). Although there is a possibility that the energy of a
very small amount of electrons may exceed the binding energy due to the energy distribution,
it is unlikely to be the main contributor to PL quenching. Therefore, impact ionization is not
the dominant factors to PL quenching in monolayer. In the bilayer case, although the binding
energy (0.14 eV) is still higher than the average electron energy (55 meV), the smaller
difference may lead to higher possibility of impact ionization of excitons, but resulting in only
a small amount of PL quenching (about 10%). In order to understand the mechanism behind
the quenching in the monolayer case, it is essential to figure out the parameters that determine

the photoluminescence intensity, which can be expressed as*:
I(hw) < [M|?g(hw) X level occupancy factors  [2]

in which I(hw) is the luminescence intensity, |M|? is matrix element, g(Aw) is joint density
of states and level occupancy factors describe the probabilities that the relevant upper level is
occupied by electrons and the lower level is occupied by holes. Since g(hw) is determined
only by the material and layer number, it remains unchanged. |M|? is the overlap integral of
the wave functions of the electron and hole, which will change little due to the small effect of
the electric field on excitons with large binding energy. Therefore, only the decrease in the
level occupancy factors of the K-K direct recombination pathway is likely to lead to the PL
guenching. Electrons in an n-type semiconductor with two conduction band extremum can

transfer from the first extremum to a secondary one under an electric field*®#°, and we propose



that the quenching in figure 2 can possibly originate from the intervalley transfer of photo-
excited electrons from the conduction band minimum K valley point to the secondary
extremum (middle point between K and I'), which, therefore, modify the electrons distribution
between these two conduction band extremum and decrease the level occupancy factors of K-
K direct recombination pathway. The energy difference between two extrema is about 70
meV>® (derived from DFT calculated band structure), comparable to the average energy of
photo-excited electrons under electric field. Negative differential resistance is absent here,
which we attribute to the very close electron effective mass between these two conduction band
extrema.*® A similar phenomenon can also help explain the PL enhancement in bilayer WS,.
The joint density of states g(hw) changes little and the matrix element |M|? decreases.
Therefore, only the increase in level occupancy factors can lead to the PL enhancement, which
is again the result of intervalley transfer of the photo-excited electrons from the conduction
band minimum (middle point between gamma and K) to the secondary extremum (K point),
which, therefore, increase the level occupancy factors of K-K direct recombination pathway.
We have also calculated the average energy of electrons accelerated by electric field (71 meV),

which is comparable with the energy difference between two extrema (85 meV).>!
Conclusion

In summary, the application of lateral electric field leads to the modulation of the optical
properties of WS,. Photoluminescence from monolayer can be quenched while the emission
ability of bilayer can be enhanced. Intervalley electron transfer is proposed to be the possible
dominant mechanism behind the field dependent PL variations. This is due to the unique band
structure (small energy difference between two conduction band extrema) and the very large
exciton binding energy in 2D WS. In conventional bulk semiconductors it is very hard to
observe the effect of this physical process on the luminescent properties because the energy

difference between the conduction band extrema is much larger than exciton binding energy.>?



These results not only shed light on understanding the very fundamental exciton behaviour of
WS, under lateral electric fields, but also provide insights into the fabrication of TMDs based

high performance optoelectronic devices and optical modulator.
Methods:
Synthesis of WS;:

WS, monolayer and bilayer are prepared using our previously reported CVD method with
sulphur and WOs as the precursor.®* Sulphur and WOs are placed in a 1 inch quartz tube running
through two furnace systems to provide two heating sections. Vaporized sulphur and WOs3 are
carried by flowing argon gas to the reaction zone, where WO3 undergoes sulphurization. High
quality and large area WS, domains with atomic layer thickness are grown on Si wafers with
300 nm SiO: if proper parameters including temperature, Ar flow rate, sulphur introduction

time are achieved.®*
PL and Electrical Measurement:

In the photoluminescence (PL) measurement, a 532 nm diode-pumped solid state laser was for
excitation, with powers kept to <200 uW. The laser reflected by a dichroic beam splitter and
focused to a spot size of 2um by 50x ultra-long working distance objective in electric field
dependent measurements or a 10x objective lens in the temperature dependent measurement
on to WS; single crystal. PL spectra were then collected through home-built confocal imaging
system and the emission from the WS, was coupled into Princeton Instruments Acton SP-2300

spectrometer with an attached CCD (Princeton Instruments, PIXIS 100).

In the electrical measurements, two ultra-fine W tips (Signatone, SE-T, 5 um in diameter) were
used to make direct contact with WS crystals to avoid any damages or impurities introduction

during patterning process?*. Electrical signals were powered and measured by a Keithley source



meter (2400-LV). Both PL and electrical measurements are carried out under ambient condition

and room temperature.
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